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Abstract: 
Offshore wind power is one of the most popular renewable sources of energy. However, there 
are many challenges during the design, construction and operation of offshore wind farms. 
One of these challenges is the stability of offshore wind turbines. The main loads on the 
foundations of wind turbines are from the environment (wind and wave) and there are other 
loads arising due to their operations (known as rotor frequency loads-1P and blade passing 
loads-2P/3P). All these 4 loads are unique in terms of magnitude, number of cycles and the 
strain they apply to the supporting soil. 
Furthermore, due to innovation in turbine technology, the sizes of turbines also increased few 
folds (3MW to 12MW) in a span of about 5 years and these large turbines need customised 
foundations. Due to the attractiveness of this new technology and the reduction of LCOE 
(Levelized Cost of Energy), offshore wind turbines are also sited not only in deeper waters but 
also in seismic areas and other disaster-prone areas (typhoon and hurricane). Any new 
foundation must be validated using scaled model tests (i.e. study of Technology Readiness 
Level) to satisfy the industry requirements. This thesis developed techniques for scaled model 
testing to study different aspects of long-term performance of foundations.     
The novel testing methodology and apparatus is based on understanding of the loads on the 
foundations. The apparatus consists of two eccentrically loaded gears which can be 
customised to apply cycloid loads. The apparatus can be easily upscaled to study bigger 
models and is very simple to assemble and operate. The apparatus can also apply millions of 
cycles of loading of different amplitude and frequency which is representative of a real wind 
turbine. Results from scaled model tests on few types of foundations are presented and they 
revealed interesting Soil-Structure Interaction. In a wind turbine system, long term 
performance is mainly governed by the SSI and this thesis summarised the limited field 
observations reported in the literature and compared with the laboratory observations.  
One of the scientific challenges is the prediction of long-term performance of these relatively 
new and novel technologies. While scaled model tests can identify the physics, this is not a 
practical tool for routine design as it is difficult to create model tests for each of the sites. As 
a result, this thesis aimed to link the understanding of SSI to element testing of soil. This will 
allow to use the recovered sample from offshore wind farm location to carry laboratory tests 
to obtain design parameter. This thesis proposed a simple method to obtain the strain level in 
the soil which is beneficial for planning offshore Site Investigation.  
Offshore wind turbines are currently designed for 25 to 30 tars and the number of cycles of 
loading are in the range of 100 million. This thesis presented data from element testing of soil 
where up to 50,000 cycles of loading were applied. The general trends of behaviour were 
noted, and it was observed that the soil behaviour was attaining a steady state. All the above 
helped to understand some SSI aspects of offshore wind turbines. Future work is also 
suggested. 
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Chapter 1: 
Introduction 
This chapter initially discusses the devastating effects of air pollution and climate change, due 
to the excessive use of fossil fuels and highlights the importance of alternative sources of 
energy. In this context, Offshore Wind Farms have emerged as a critical renewable energy 
technology during the last decade, in order to achieve energy targets as these are set by 
numerous countries worldwide as a way to fight climate change. However, the harsh offshore 
environment brings along many challenges associated with the construction of the wind 
turbine foundations and the long-term behaviour of the whole system. Therefore, the purpose 
of this chapter is to provide a glimpse on the challenges related to the offshore wind turbine 
foundations and set the aims and objectives of the thesis. 
1.1 Air pollution and climate change 
During the industrial revolution in the 1800s, fossil fuels (for example coal in early days and 
subsequently oil and natural gas) prevailed as the main source of energy. The result was an 
economic prosperity that led to chain of events. First of all, it resulted to an exponential 
increase in population. Furthermore, with the discovery of electricity and the continuous 
technological advancements, along with the increase of population, the energy demands have 
skyrocketed and consequently, in order to cover these energy demands, more fossil fuel was 
burnt. Until now fossil fuels remain the main source of power with a share of 78.4% to the 
global energy demands (REN21, 2017). The use of fossil fuels, however, releases large 
amounts of gases (also known as greenhouse gases) that are mostly associated with climate 
change. Out of these gases, the largest contributor to climate change is carbon dioxide (CO2), 
the annual emissions of which were around 36 billion tonnes for 2015 (Olivier et al, 2016). 
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Figure 1.1 shows a time history of growth in population together with annual energy demands 
and CO2 emissions worldwide since record began in 1800. It may be observed that the growth 
of these aspects follows a pattern, which strongly suggests a connection between the CO2 
emissions and the human activities. Similar increasing trends can be found also for the other 
greenhouse gases such as Methane (CH4) and Nitrous Oxide (N2O). 
 
Figure 1.1: Evolution of the world population, global energy consumption and CO2 emissions 
(1800-2015) 
The consequences of the continuous increase in concentration of these pollutants in the 
atmosphere are already visible. Based on the World Health Organization, 2016, approximately 
4.2 million premature deaths are linked to the air pollution. And even though such a number 
seems extremely high, the actual situation is getting even worse for the entire planet and 
humanity. The effect of the air pollution on the climate can be depicted in the graphs 
presented in Figure 1.2. These graphs present how the global average temperature and sea 
level have changed since 1880 (data by Berkeley Earth and NASA). Namely temperature has 
increased by more than 1.5°C and future trends show that it will continue rising. The most 
pessimistic scenarios show an increase of more than 4°C and the most optimistic ones an 
increase that will stabilize around 2°C. The immediate result of such a temperature increase 
is the rise of the average sea level due to the ice melting. Since 1880, the average sea level has 
|3 
 
risen by approximately 25cm and similarly to the temperature, the evolution trends show a 
further increase in a rate of 3.2mm per year. Such an increase will eventually lead to flooding 
of islands and coastal cities, which means a loss of millions of people’s lives and billions of GBP 
(£) of infrastructure.  
 
Figure 1.2: Evolution of change in average temperature and sea level worldwide relatively to 
the 1880 values from 1880 until 2015 (data by: Berkeley Earth and NASA) 
The eminent threat of climate change has sparked a worldwide interest in transforming the 
global energy system by utilising alternative sources of energy. However, this transformation 
needs to accelerate substantially in order to meet the objectives of the Paris Agreement. This 
agreement requires all countries to make significant commitments to address climate change, 
in order to keep the rise in average global temperatures “well below” 2°C and ideally to limit 
warming to 1.5°C in the present century, compared to pre-industrial levels (IRENA, 2019).  
1.2 Offshore wind farms as a major source of energy 
Renewable energy sources, other than fulfilling the Paris agreement, are crucial in order to 
provide affordable energy access worldwide. For this reason, energy support policies and 
targets for renewables are now present in nearly all countries worldwide (REN21, 2019). Key 
role to this global energy transition is expected to be played by the wind power generation. 
Based on future projections, wind power is expected to cover more than one-third of the total 
electricity needs by 2050. Such a value would correspond to a nearly nine-fold rise compared 
to the 2016 levels (IRENA, 2019).  
The only way possible for wind power to match these numbers, is by fully unlocking wind’s 
potential as a sustainable source of energy. Therefore, a large proportion of the future 
projection scenarios, regarding the wind power growth, is expected to be offshore, due to the 
various advantages that hold compared to onshore. These advantages will be discussed 
further in coming sections. In order to capture the wind power, transform it into electricity 
and supply it to the main electricity network, a power plant is needed, also addressed as wind 
farm. For the case of offshore, the main parts in a wind farm are the wind turbines, the cables 
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and the substations (DNV GL, 2018). A typical layout of an offshore wind farm is presented in 
Figure 1.3. Wind turbines are nothing more than generators that convert the wind power into 
electric power. For economic reasons, such as reducing planning, construction and 
maintenance costs, many wind turbines are installed at the same time in one location. The 
electric power produced by the turbines is then transferred through cable arrangements to 
an offshore substation. There, the voltage of the electric power is stabilized and maximized 
and then exported to shore. Through an onshore substation, the offshore electric power is 
added to the main electricity grid.  
 
Figure 1.3: Layout of a typical offshore wind farm 
The development and construction of an offshore wind farm is a technically complex, lengthy, 
risky and capital-intensive process, primarily because of the more demanding operations over 
the sea. Therefore, it is only logical that the construction of an offshore wind farm means 
higher costs, compared to an onshore farm. Namely the capital cost needed to build an 
offshore wind farm is approximately double the cost of an onshore wind farm of similar power 
capacity. The advantages of the offshore wind however, can potentially outweigh the higher 
capital and operating costs and long-term they can be more profitable than onshore. This will 
be more evident as the wind turbine technology advances and larger capacity turbines 
specially designed for offshore use will be deployed. Further details on the economics of wind 
farms will be given in the next chapter. An approximate breakout of the capital expenditure 
towards the main components of an offshore wind farm is presented in Figure 1.4.  It is 
obvious and logical that the wind turbine structures (including the generator, the tower and 
the foundation) in a wind farm are the most important part and therefore they account for 
65% of the whole capital cost of the project. Out of all the different components though, one 
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can be extremely crucial for the long-term viability of the project. That is the foundation part, 
as a potential failure of the foundation can lead to a failure of the generator and the offshore 
wind farm in total.  
  
Figure 1.4: Capital cost breakdown for an offshore wind farm in UK (data by: IEA Wind, 2019) 
1.3 Challenges in the design of Offshore Foundations 
The reduction of the cost, without compromising the integrity of a wind farm, consists the 
main challenge of offshore wind power. Offshore wind turbines are relatively new types of 
structures, there is no significant track record of their behaviour throughout their entire 
lifecycle, meaning that potential risks and cost remain high. On top of that, as the wind farms 
are getting larger and sited further from shore, in deeper waters, new types of foundation 
types are being developed in order to withstand the new conditions (floating foundations for 
example). 
The role of the foundation, whatever the type, is to transfer the loads acting on the turbine to 
the surrounding soil without excessive deformations. As such, it is extremely important to fully 
grasp the load transfer mechanism, especially for the new type of foundations. The 
combination of the complex nature of loading along with the excessive number of cycles 
acting on the soil, creates the need to fully understand the Soil Structure Interaction (SSI) and 
how this can be taken into consideration for more efficient design, but also for the prediction 
of possible long-term issues that may arise during the lifecycle of the wind farm project. 
1.4 Aim and scope of research 
The focus of the current research is on understanding the long-term performance of offshore 
wind turbine foundations, with attention to the Soil-Structure Interaction (SSI). In order to 
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predict how these structures perform, it is essential to develop a thorough understanding of 
the mechanisms that are governing their behaviour. An effective and economic way to 
understand the physics behind the real problem of offshore wind turbine foundations is by 
conducting small-scaled model tests in laboratory conditions. For the problem in hand, the 
main objective is to simplify the actual problem, since the behaviour of offshore wind turbine 
is a complex problem including many different interactions. Therefore, the main approach, in 
order to study the long-term SSI, is to simulate the application of millions of cycles of load on 
the foundation by preserving at the same time the dynamic sensitive nature of the 
superstructure. 
Therefore, the aim and scope of the work is as follows: 
• Develop an innovative and scalable model testing methodology including an apparatus that 
can replicate the complex loading experienced by the foundation. It must be mentioned 
that complexity of loading increases with larger turbines placed in deeper waters.  
• Identify and understand the SSI mechanisms based on the experimental observations and 
develop a simple method to predict them. In the context of offshore wind turbine, this will 
also lead to quantification of strain level in the soil due to various load conditions. 
• Propose element testing of soil required for long term prediction based on the predicted 
strain level of the soil, understanding of SSI and the available soil testing apparatus. It is 
well known that most soils change their properties with strain level and number of cycles. 
The thesis is looking to map the physical SSI mechanism with relevant element tests.    
• Develop, through a critical review, an enhanced understanding of the behaviour of soil for 
a range of strains and number of cycles. As mentioned, design of foundations for wind 
turbine is dominated by stiffness of the foundation and soil stiffness is at the core of this 
calculation. Emphasis is therefore given on the prediction of soil stiffness under the 
application of large number of cycles for different loading conditions and in-situ stresses.  
• Present a simple design framework that takes into account the use of element testing for 
predicting the long-term performance of offshore wind turbines and highlight directions 
for future complementary work. 
1.5 Structure of the thesis 
The present thesis is divided into six chapters, including the current introductory chapter, 
which identifies the potential of offshore wind power as a sustainable source of energy and 
sets out the research aim and objectives of the study. The structure of the thesis is as follows:  
Chapter 2 reviews the renewable energy sources and focuses on different aspects of offshore 
wind energy and wind farms. More specifically, it provides detailed information on wind 
power, future projections and past performance, economics of wind, as well as more technical 
details related to wind turbine structures, including all the different components that consist 
them. However, the major focus of the chapter is on the foundation part of the wind turbines 
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since it describes in detail the loads acting on it. This chapter also discusses the SSI aspects of 
offshore turbines. 
Chapter 3 discusses the need of scaled model testing for understanding the SSI and assessing 
the long-term behaviour of offshore wind turbines. Therefore, it critically reviews different 
methods of scaled model testing, focused mainly on laterally loaded piles. Furthermore, it 
presents the development of an innovative model testing apparatus and the methodology 
followed to acquire the dynamic properties of the model, such as the natural frequency and 
the damping. The scaling laws and typical results from different types of foundations are also 
being discussed. 
Chapter 4 focusses on the understanding of SSI through model testing and similar real case 
structures. It must be mentioned that wind turbines represent a new type of structures, with 
limited monitoring data, thus it is essential to establish a theoretical framework of the loading 
mechanisms, the structure and the soil behaviour for offshore wind turbines. Moreover, it also 
provides a methodology to calculate the strains in the soil next to the foundation in order to 
establish a link with soil element testing. 
Chapter 5 reviews element testing of soils with an emphasis on their cyclic behaviour under 
drained conditions. First it describes all the different types of apparatus needed to evaluate 
some important parameters, such as stiffness and damping of a soil, within a wide range of 
strains. However, what really governs the SSI and usually is overlooked is the change of these 
parameters with the number of loading cycles. Consequently, this chapter presents test 
results from laboratory testing and tries to enhance the understanding of SSI of offshore wind 
turbines and assess the long-term behaviour of these structures. 
Chapter 6 concludes the thesis summarising and discussing the findings and contributions of 
the present research. It also proposes suggestions for future work 
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Chapter 2: 
Offshore Wind Energy Review 
Continuing from the previous chapter, this section reviews the different renewable sources of 
energy, focusing in offshore wind energy and wind farm technical aspects. More specifically, it 
provides detailed information on wind resources, turbine structures, including all the different 
components that consist them. However, the major focus of the chapter is given on the 
foundation part of the wind turbines and describes in detail all the different types of load acting 
on a turbine. It is shown that the combination of loads is complex due to their multifaceted 
nature (static, cyclic and dynamic) and therefore many challenges arise during the design of 
offshore foundations. This chapter also discusses briefly the Soil-Structure Interaction (SSI) 
aspects of offshore turbines. 
2.1 Renewable sources of energy 
As it was stated in the previous chapter, climate change has sparked a major interest in 
alternative sources of energy. The only way to stabilize and even reduce CO2 emissions can be 
achieved through decarbonising the global economy. Such a thing can be achieved by 
disengaging from fossil fuels and at the same time switching to low-carbon energy sources. 
Such sources can be the hydropower, wind, solar etc., also known as renewable sources of 
energy. Just to get an idea of how much lower emissions the renewables produce, Figure 2.1 
graphically presents the lifecycle greenhouse emissions range for all various sources of energy. 
A comparison shows that the emissions produced by renewables are insignificant compared 
to the non-renewables and they are mostly associated with the development stage of their 
infrastructure. 
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Figure 2.1: Estimated lifecycle emissions of greenhouse gasses, for all the different sources of 
energy (data by: NREL, 2012) 
The oil crisis in the Middle East during the 1970s has made clear that countries must invest in 
other sources of energy other than fossil fuels. By 1980’s, many countries worldwide have 
started to invest in greener ways to produce energy by utilizing renewable resources. 
However, it was not until early 2000’s that the share of renewables started to increase 
significantly. As it can be seen in Figure 2.2, in 2017 the share of renewables in the calculated 
total energy demands was approximately 10%. However, renewables did not increase equally 
within the three energy sectors: electricity, transportation and heating. The share of 
renewables has grown faster in the electricity sector by providing more than 24% of the total 
electricity needs for 2017, as it can be seen in Figure 2.3 along with the distribution of this 
share to the different energy sources. Future projections look optimistic for renewables and 
just an indication of that is the fact that by the end of 2015, at least 173 countries had 
introduced renewable energy targets (REN21, 2018). 
 
Figure 2.2: Renewable energy share of total final global energy consumption for 2017 (data 
by: REN21, 2018) 
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Figure 2.3: Renewable energy share of global electricity production for 2017 (data by: REN21, 
2018) 
The most important parameter that governs the level of investment in renewables is the LCOE 
(Levelized Cost of Energy), which is the total cost associated with the whole lifecycle of a 
power plant over the total produced energy. Until the early 2000’s, the cost of renewable 
power plants was considered high compared to fossil fuels and it was prohibitive for any 
significant investment. However, due to the technological advancements along with the 
experience gathered from previous projects, nowadays the costs associated with renewables 
are continuously dropping. Figure 2.4 presents the levelized cost of energy in 2017 for all the 
various renewable resources compared to the non-renewable ones. It can be noted that the 
weighted average cost of all the renewables is competing with the cost of non-renewables. At 
the same time however, the cost variance of renewables is larger than the non-renewables, 
something that can raise uncertainties during the design of a project. Nevertheless, by 2020 
these costs are expected to drop below the non-renewables (IRENA, 2017) and therefore more 
investment is expected, especially for wind and solar technology. 
  
Figure 2.4: Levelized Cost of Energy for all the various sources of energy (data by: IRENA, 2017) 
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2.2 Wind Energy 
Wind has been one of the primary sources of energy used by human kind throughout history. 
People have been using wind energy to propel sail boats, mill flour and pump water for 
thousands of years. Today wind is one of the major renewable resources to produce “green” 
electricity and to fight the climate change. In order to fully understand its potential, it is 
necessary to provide some general information regarding wind before any technical details. 
2.2.1 What is wind? 
The ultimate source of energy responsible for the creation of wind is the sun. Sun bombards 
the surface of the earth with radiation energy leading to a continuous warming. Out of this 
energy, the largest amount must be sent back to space and only a small amount is transformed 
into heat energy. Due to the shape of the earth, its surface is not heated evenly resulting in 
the equator getting more energy than the poles.  As a result, there is a continuous heat 
transfer from the equator to the poles.  
The atmospheric air consists of Nitrogen and Oxygen by approximately 99% and like all gasses, 
it expands when heated and contracts when cooled. When solar radiation hits the surface of 
the earth, it causes the air to get warmer, which means that the air gets lighter and less dense 
than cold air. This also results in the rise of warm air in higher altitudes and the creation of 
areas of lower atmospheric pressure, where the air is warmer. Due to the variance in pressure, 
the air will move from a high pressure to a lower pressure area, in an attempt to reach 
equilibrium. Therefore, as wind can be defined the movement of atmospheric air masses from 
an area of high atmospheric pressure to an area of low pressure. However, the wind 
circulation system is a more complex phenomenon. At 30° and 60° latitude, there is a major 
change in atmospheric pressure creating zones of high and low pressure respectively. The air 
circulation within these zones is known as cells and the major winds created as trade winds. 
Due to the diurnal motion of the earth, the winds deflect to the right in the Northern 
Hemisphere and to the left in the Southern one, leading to a spiral movement of the air mass. 
This is due to a phenomenon known as Coriolis Effect. Figure 2.5 schematically describes the 
mechanism of the global wind circulation system. In addition to the global wind system, there 
are localised influences as well, that are mostly related to the terrain of an area and its 
proximity to water bodies.  
Wind characteristics, such as the speed and direction are not steady and can have a spatial 
and temporal variance. More specifically, wind speed is lower around the equator and it 
increases closer to the poles. The highest wind speeds are developed within the region of 
30°and 60° latitude, mostly because of global wind circulation mechanism. However, the 
southern hemisphere has less land obstructions than the northern one, resulting in higher 
wind speeds. Therefore, the distribution of land has a major influence on the wind speed as it 
can obstruct the free movement of air. In other words, wind speed can be higher in the open 
sea than in the land. Also, the wind speed is dependent on the time of the year, i.e. in the 
CHAPTER 2: OFFSHORE WIND ENERGY REVIEW|12 
 
northern hemisphere, the mean wind speed is higher during winter. Further details on wind 
energy can be found in Letcher (2018).  
 
Figure 2.5: Global wind circulation mechanism 
2.2.2 How much power can be generated from wind? 
For the development of an offshore wind farm, it is a prerequisite to estimate the wind 
resource available at a specific project site. The energy contained within the wind is the kinetic 
energy (𝐸𝑘) of a mass of air (𝑚) moving at a certain speed (𝑈): 
 𝐸𝑘 =
1
2
 𝑚 𝑈2 (2.1) 
Assuming that a laminar flow of air passes through a cylinder of known dimensions, as shown 
in Figure 2.6. The mass (𝑚) passing through the cylinder during each unit of time (𝑑𝑡) will be 
given by multiplying the density of air (𝜌𝛼) by the volumetric flow rate (𝑄). Therefore: 
 
𝑑𝑚
𝑑𝑡
= 𝜌𝛼  𝑄 = 𝜌 𝐴0 𝑈0 (2.2) 
Wind power (𝑃𝑤𝑖𝑛𝑑) is the flow of kinetic energy through an area and it is defined as the wind 
energy per unit of time. Therefore, by using equations (2.1) and (2.2) wind power is given by: 
 𝑃𝑤𝑖𝑛𝑑 =
1
2
 
𝑑𝑚
𝑑𝑡
 𝑈0
2 =
1
2
𝜌𝛼  𝐴0 𝑈0
3 (2.3) 
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Figure 2.6: Air flow through a cylindrical pipe of known dimensions 
However, not all the available wind power can be transformed into electricity, as a result, the 
utilized power output is significantly lower. To calculate the power that can be utilized by a 
turbine, assume that a laminar flow of air passes across the swept area of the turbine (𝐴1)  
and there is a change in pressure while the air passes by with a consequent decrease of wind 
speed as shown in Figure 2.7. The power output of the turbine (𝑃𝑡𝑢𝑟𝑏𝑖𝑛𝑒)  can be given by: 
 𝑃𝑡𝑢𝑟𝑏𝑖𝑛𝑒 =
1
2
𝜌𝛼  𝐴1 𝑈1
2 (𝑈0 − 𝑈2) (2.4) 
 
Figure 2.7: Air flow through a turbine 
According to Betz Law, the maximum power coefficient cannot be larger than 16/27. In other 
words, the maximum energy that can be used is the 59.3% of the wind’s energy. The efficiency 
of the system can be quantified by the Power Coefficient (𝐶𝑝), which is the ratio of the power 
output of the turbine (𝑃𝑡𝑢𝑟𝑏𝑖𝑛𝑒)  to the wind power (𝑃𝑤𝑖𝑛𝑑) 
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 𝐶𝑝 =
𝑃𝑡𝑢𝑟𝑏𝑖𝑛𝑒
𝑃𝑤𝑖𝑛𝑑
⁄  (2.5) 
The power output of a wind turbine can be also expressed by: 
 𝑃𝑡𝑢𝑟𝑏𝑖𝑛𝑒 =
1
2
𝜌𝛼  𝐴0 𝑈0
3 𝐶𝑝 (2.6) 
By the equations given, it can be noticed that the main parameter affecting wind power is the 
wind speed. A small fluctuation in speed can lead to a large fluctuation in power, i.e. there will 
be an eightfold rise in wind power if the wind speed doubles. Air density and area of air flow 
have a smaller effect on the power as they have a linear relationship. 
2.2.3 Wind among the renewables 
Wind power is the second largest renewable resource, behind hydropower, and is one of the 
fastest growing power sources. The main advantages of wind as a power source are that the 
associated infrastructure (i.e. wind turbines, power stations, etc.) is quick to install, it is 
scalable (i.e. a wind farm can consist of a couple turbines or hundreds based on the needs 
they cover), it has low carbon footprint thought out the lifecycle of the project. Namely, the 
power capacity of wind has increased exponentially from 6.1GW in 1996 to 591.5W in 2018, 
accounting both onshore and offshore installations. Back in 2007 wind power generated the 
1% of the electricity generated in the world, almost all coming from onshore wind farms 
(Breeze, 2008). Now this percentage has grown to almost 4% and out of the total wind power 
capacity, the 3.9% is produced by offshore wind farms. Figure 2.8 shows the cumulative global 
capacity of wind power for the period 1998-2018.  
 
Figure 2.8: Cumulative global capacity of wind power for 1998-2018 (data by: GWEC, 2019) 
The wind power capacity is not distributed evenly across the world. Asia has the largest 
capacity which accounts for the 43.2% of the global capacity, followed by Europe with 32.1% 
and North America with 18.5%. These three regions combined represent the 93.8% of the total 
world wind market. Figure 2.9 graphically presents the share of wind power by region for 
2018. If the spatial distribution is made country-wise, it is interesting to note that only ten 
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countries are responsible for 84% of the total global wind power. The largest contributor by 
far is China which alone is responsible for 35% of the global wind power and the second place 
is held by USA which contributes by 17%, followed by Germany, India, Spain, UK, France, Brazil, 
Canada and Italy (GWEC, 2019).  
  
Figure 2.9: Wind power contribution per continent (data by: GWEC, 2019) 
All the scenarios regarding the future growth of wind energy look positive. More specifically, 
a moderate scenario by Global Wind Energy Council (GWEC) suggests that the global wind 
capacity will increase to approximately 800GW by 2020, rising to 1700GW by 2030 and 
4000GW by 2050, which translates to a contribution of around 20-25% towards the total 
energy needs worldwide. Key drivers to the projected growth of wind power should be the 
support from governments and the rapid improvement in wind turbine technology. 
2.2.4 Offshore wind power 
A large proportion of the future projection scenarios, regarding the wind power growth, is 
expected to be offshore. During the last years, power generation from offshore wind has 
emerged as one of the most promising ways to attain increased energy sustainability. Offshore 
wind power is nothing more than the evolution of onshore as a way to maximize the capacity 
for power generation. The first offshore wind farm was installed in Denmark in 1991 and had 
a capacity of 4.95MW. It consisted of eleven specially modified onshore turbines (450kW 
each) built by Bonus Energy. In the following years, the growth was slow with only a small 
number of projects being developed in Denmark and the Netherlands. It was not until early 
2000’s that the offshore wind capacity has started increasing significantly. In 2018 the 
CHAPTER 2: OFFSHORE WIND ENERGY REVIEW|16 
 
worldwide capacity of offshore installations has reached 23GW and it is constantly increasing 
at approximately 13%, which is larger than the rate at which onshore is growing. Figure 2.10 
shows the evolution of the offshore wind power capacity for the years 1991 to 2018 and at 
the same time graphically presents the share of offshore wind power by region in this time 
framework. Out of the total offshore wind capacity, around 79% is located in Northern Europe, 
20.9% in Asia and the rest 0.1% in USA. The world leaders in offshore wind power production 
is UK, Germany and China with 8GW, 6.4GW and 4.8GW respectively. Over the next five years, 
more than 300GW of new capacity is expected to be installed. By then, China will have the 
largest share in offshore wind power and at the same time, a new market will be created in 
North America, where the first offshore wind farms will be installed (GWEC, 2019). 
 
Figure 2.10: Cumulative global capacity of offshore wind power for 1991-2018 and its spatial 
distribution (data by: GWEC, 2018) 
2.2.5 Why offshore wind? 
While onshore wind power infrastructure is cheaper and relatively easier to construct and 
maintain, there are some major reasons why offshore wind power should be considered as a 
sustainable investment (Esteban, 2011):  
• The first advantage of offshore wind power is that the average wind speed in the sea is 
generally higher and more consistent than onshore, which means that the offshore wind 
turbines will be able to work more efficiently than the onshore ones. Also, since there are 
no obstructions over the sea, the wind is less turbulent than onshore, which means that 
the fatigue effects on the turbine generator are less and therefore the lifespan of the 
turbines can be extended. 
• The second advantage is that there are less layout constrains. As there is more free space 
available in the sea, offshore wind farms can be more versatile and scalable. That means 
that larger installations can be built. Combining the lack of transport limitations, wind 
turbine generators can be larger in capacity than the onshore ones, achieving this way more 
energy production per turbine. Also, as the wind turbines are placed far from the coast, the 
visual noise and vibration impact on human activities significantly decreases. 
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2.3 Economics of offshore wind farms 
Overall wind capacity may seem insignificant compared to the total energy needs, however, 
more countries are expected to invest in wind energy. This investment direction in prioritizing 
renewable energy production is safeguarded by international bodies and legislation. For 
instance, the European Union (EU) in its Framework Strategy for a Resilient Energy Union has 
clearly marked its energy priorities for transition to a low-carbon, secure and competitive 
economy. The “Clean Energy for all Europeans” package sets the implementation milestones 
for the Member States' co-legislation towards the security and integration of EU's energy 
market, energy efficiency and de-carbonisation of the electricity sector (Kougias et al., 2018). 
The increase in demand for wind energy, along with the improvement in technology, are 
expected to lead to a significant reduction in the costs associated with the wind energy 
production. This section will provide further information regarding the economics of wind 
farm projects, and what costs arise during different phases of the lifecycle of a wind farm. To 
distinguish all the significant costs is important in order to be able to develop potential 
strategies that will lead to a cost reduction. 
2.3.1 Comparison of Offshore and Onshore costs 
The advantages of offshore wind farms are counterbalanced by the higher costs, associated 
with offshore wind. The main reason why the costs are higher, is due to the fact that the 
development and construction of an offshore wind farm is a technically complex, lengthy, risky 
and capital-intensive process, primarily because of the more demanding operations over the 
sea. As it was noted in a previous section, the total cost of an offshore wind farm will heavily 
influence its LCOE. Therefore, for offshore wind energy to be a competitive source of energy, 
all the associated costs must significantly drop.  
In order to assess the total cost of any sort of project (in this case a wind farm) it is essential 
to break down the whole lifecycle of the project into phases. Almost every construction 
project is composed out of three phases; investment, operation and decommissioning. Out of 
all the phases, the phase of investment is the most capital-intensive phase. For the case of an 
offshore wind farm, the investment phase includes the development, the design and 
fabrication of all the components and their installation. The phase of investment can last up 
to nine years, where most of this time is spent in planning and obtaining consent, activities 
that can take up to five years on their own. After the investment, the wind farms are expected 
to produce electricity to the grid for at least 20 years. During this operation phase, the project 
must work without any problem, therefore regular maintenance is required to keep the 
downtime minimum and also prolong the life span of the whole project. When the operation 
phase is over, there is the decommissioning phase where there can be two options; the entire 
project is dismantled and disposed, which marks the end of the farm’s lifecycle, or the farm is 
repowered with new turbines and a new lifecycle begins. The lifecycle of an offshore wind 
farm (along with all the different phases) is illustrated in Figure 2.11  
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Figure 2.11: Lifecycle of an offshore wind farm (based on: Accenture, 2013 and Vestas, 2016) 
As it can be seen in Figure 2.11, the total cost of the offshore wind farm can be divided into 
two fundamental cost categories; the Capital Expenditure (CAPEX) and the Operational 
Expenditure (OPEX).  In general, CAPEX is defined as the initial one-time expenditure required 
to build an income generating asset and achieve its commercial operation. On the other hand, 
OPEX can be defined as the ongoing cost, either one-time ore recurring related to the 
operation of the asset. Both can further break into more detailed costs. For example, CAPEX 
can be divided into three main categories. These are the turbine costs (including all the wind 
turbine components), the construction costs (including foundation, electrical infrastructure, 
assembly and installation costs) and the development costs (including the planning, insurance, 
construction and contingency financing and decommissioning costs). Similarly, OPEX includes 
two main categories of costs, which are the operation and the maintenance costs. The 
contribution of these two costs towards the total cost is approximately 75% for CAPEX and 
25% for OPEX, as shown in Figure 2.12.  
Comparing head-to-head the total expenditure of an offshore wind farm with an onshore one, 
highlights the big difference in cost. Namely the cost of an offshore wind farm is approximately 
twice the cost of an onshore. Interesting is the ratio of CAPEX and OPEX towards the total cost 
is similar for both cases. Just another indication of the difference in cost can be found at the 
cost of the wind turbine towards the total CAPEX of a wind farm project. For an onshore wind 
farm, most of the capital cost, approximately 65%, is in the turbine itself, whereas for an 
offshore wind farm it accounts somewhere close to 35% of the total capital cost (Stelthy et al., 
2017). The breakdown and comparison of the total expenditure and CAPEX for an onshore 
and an offshore wind farm is also presented in Figure 2.12. 
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Figure 2.12: Comparison of the typical Total Expenditure breakdown for an onshore and an 
offshore wind farm (data by: NREL, 2017)  
2.3.2 Cost Reduction Strategies 
The onshore wind industry has been able to benefit from many years of cost reduction, unlike 
the offshore that has just only just started. For the past years, the wind power LCOE has 
dropped significantly. Just an indication of this decrease is shown in Figure 2.13, which 
presents an estimation of the levelized cost of energy for onshore and offshore wind projects 
for the years 2010 to 2017. The main way to reduce the costs associated with offshore wind 
energy will be by utilising efficiently the inherent advantages of offshore wind, but at the same 
time minimizing the cost disadvantages. 
 
Figure 2.13: Comparison of the weighted average global LCOE of onshore and offshore wind 
power for the years 2010 to 2017 (data by: IRENA, 2017; GWEC, 2019) 
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The cost reduction depends mainly on the technology improvements, related to the efficiency 
of wind turbines, their fabrication, installation and maintenance procedures. Cost reduction 
is possible through the optimization of these key components and processes of a wind farm. 
Some of the key components and processes and some of the ways to increase their cost 
effectiveness are described below (Accenture, 2013; GCCSI, 2011; Carbon Trust, 2008):  
• Wind Turbine Generators: These alone make for approximately 40% of the capital cost of 
the whole project as it has been noted previously. Therefore, their optimization is a key 
driver to cost reduction of offshore wind power. Up to date, offshore wind turbines are 
typically modified versions of the largest onshore turbines, suitable for high capacity 
factors. Since they are not designed specifically for the harsh conditions over the sea, 
reliability issues arise that often lead to significant downtime, in other words lower power 
generation. If the turbines are located further from shore, the downtime may be even 
larger, as the maintenance operations are more challenging. Consequently, the main way 
to reduce these issues is to improve the wind turbine technology. Technology is already 
being developed for improved generators, specifically for offshore use, with direct-drive, 
gearless nacelles and increased power output (in Megawatts).  
• Foundations of Turbines: These make for approximately 20% of the capital cost of an 
offshore wind and reflect the second most expensive part of the whole project, after the 
actual turbines. At the moment, approximately 80% of the foundations used in wind farms 
are monopiles. However, this type of foundation cannot be used beyond 30m water depths 
and it is not considered economical for larger output wind turbines. As the offshore 
industry is trying to exploit the higher wind speeds far from shore, new types of foundations 
such as tripods, jacket structures are considered. For water depths beyond 60m, floating 
foundations are being developed. There are significant opportunities to reduce foundation 
costs through economies of scale, reduced materials costs and development of new 
installation techniques. 
• Electrical connections: There two different types of connections; the HVAC (High Voltage 
Alternating Current) and the HVDC (High Voltage Direct Current). The main parameters to 
consider, when choosing connections, are the rated power and the distance to shore. 
Currently, most offshore wind farms use HVAC type of connections and only 14% use HVDC. 
However, as the offshore farms move further from shore, the HVDC technology is likely to 
be a necessity because the they have less transmission losses for longer distances. At 
present, the cost of the HVDC technology is higher, but it is expected that the benefits will 
compensate for the higher costs. 
• Installation: The offshore wind installation techniques have not yet been optimised for high 
volumes and speeds.  For water depths up to 35m, foundations and turbines are installed 
with the use of standard jack-up barges and for deeper waters special installation vessels 
may be needed. As the turbines are getting larger, new customised vessels will be surely 
required. Therefore, more opportunities should emerge for wind turbines, foundations and 
grid connections to be designed to optimize and reduce the cost of the installation process. 
CHAPTER 2: OFFSHORE WIND ENERGY REVIEW|21 
 
• Operation and Maintenance: The unexpected repairs arising from reliability issues of the 
turbines can increase significantly the OPEX cost. Therefore, unscheduled repairs should be 
minimized, by increasing the reliability of wind turbines. The cost of maintenance can be 
further reduced by the application of remote monitoring but also through technologies that 
allow access and repairs in adverse weather conditions. Furthermore, future repairs could 
be conducted from offshore accommodation facilities, in a similar manner to oil rigs. This 
could leverage the economies of scale from a collection of large offshore wind farms, and 
significantly reduce travel times, downtime and thus cost. 
By considering all these cost reduction strategies, it can be noticed the potential of offshore 
wind as a major source of energy to replace fossil fuels, is very high. However, the focus of the 
current thesis is on how to cut the foundation design costs by better understanding their long-
term behaviour and possible predict potential issues that may arise during their lifetime. More 
specifically, how small scaled test can help optimize the foundation design of existing type of 
foundations and how to assess the long-term behaviour and potential issues of new type of 
foundations on the prototype phase. 
2.3.3 Current trends of Offshore Wind Farms 
At the end of 2018, the total worldwide offshore wind power capacity was 23 gigawatt (GW), 
out of which almost 80% is coming out of Europe. The average size of an offshore wind farm 
has increased rapidly during the last years, mostly due to the improvement in technology of 
wind turbines. The growth in the average size of offshore wind farms and the average rated 
power of a wind turbine are presented in Figure 2.14 and Figure 2.15 respectively. Namely in 
2008 the size of an average offshore wind farm was approximately 100MW, consisting of 
approximately 33 turbines of average power of 3MW each. A decade later, in 2018, the 
average size of a wind farm increased to 561 MW, consisting of approximately 82 turbines of 
average power of 6.8MW each. These numbers are only expected to increase as wind farms, 
exploiting the newest technology in wind are commissioned. For example, the 1,200 MW 
Hornsea Project 1 is expected to be the largest offshore wind farm in the world by 2020, with 
174 turbines of an average 6.8MW rated power each (WindEurope, 2019). 
 
Figure 2.14: Average size of offshore wind farms in the given year (data by: WindEurope, 2018) 
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Figure 2.15: Average size of wind turbine size in the given year (data by: WindEurope, 2019) 
Regarding the location of offshore wind farms, it seems that there is already an attempt to 
move towards locations further from shore and in deeper water depths, especially with the 
new larger capacity wind farms. This trend can be seen in Figure 2.16, which presents the 
average water depth and distance from shore of offshore wind farms around the world based 
on their development status and their size. Based on this figure it can be noted that the 
average water depth of a typical offshore wind farms is around 27m, while the average 
distance from shore is approximately 35km (4C Offshore; WindEurope, 2019).  
    
Figure 2.16: Average water depth and distance from shore of offshore wind farms based on 
their development status and capacity (data by: 4C Offshore) 
All these trends show that there is already great effort to increase the power capacity of 
offshore wind farms by accessing areas with higher wind speed and improving the wind 
turbine technology, while at the same time the costs are dropping. In the coming decades 
offshore wind can certainly become the most cost competitive source of energy. 
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2.3.4 Site selection of an offshore wind farm 
The selection of the site, where an offshore wind farm will be built in, is the most important 
decision during the development of the whole project.  The overall cost of the project, as well 
as the energy production, are highly dependent on the site characteristics. The selection is 
best accomplished through a careful consideration of certain factors, with the final selection 
decisions driven by economics and feasibility of the farm project. 
The main factors for choosing a suitable offshore wind farm location are: 
• Wind resources: The energy production of a wind farm depends mainly on the wind speed 
developed at the location, where it is going to be built. By knowing the wind speed, it is 
possible to estimate the total production of energy and cost of the project, two values that 
are necessary to calculate the Levelized Cost of Energy (LCOE). Therefore, the wind power 
available at a certain location will dictate the financial viability of the project. To be 
considered attractive for project development, a site’s annual average wind speed should 
be 6.5m/s or stronger at a wind turbine’s hub height.  
• Marine aspects: Information about the site including the water depth and wave height can 
affect the development of the wind farm. Water depth and wave height can significantly 
vary within a zone. Such a variance will have an impact on the selection of the foundation 
type of the wind turbines and therefore to the total cost of the project. Current and tide 
data can help to identify scour related issues and if scour protection is needed. 
• Distance from shore: A factor that can have a significant effect on the overall cost of the 
project can be the distance from shore. For example, he length of cable used, to transfer 
the electricity produced, is directly dependant on the distance from shore. Also the cost of 
installing the offshore structures can vary based on the proximity of the wind farm’s 
location to a port. The wind farms are also built in locations where their visual impact is 
insignificant to public. 
• Seabed conditions: The different types of soil and their properties (such as shear strength), 
as well as the presence of large amounts of rocks and other obstacles in the soil mass, can 
affect the selection of foundation type and increase the installation costs. Therefore, 
detailed surveys on the seabed are necessary during the planning of the project. 
• Environmental issues: Due to the construction and operation of the wind farm, different 
environmental issues could arise, such as the possible impact of a wind farm project on 
wildlife. All these concerns must be considered during the planning of the farm. For 
example, the design of London Array wind farm was modified to limit the impact on red-
throated diver birds. 
To find the appropriate location to build an offshore wind farm, the use of maps is important. 
The maps should contain information on topography, wind speed, wave height, water depth 
etc. Based on these maps, a turbine layout can be made either to produce the most energy or 
to be most cost efficient. Such maps are presented in the following figures. More specifically, 
Figure 2.17 presents the average wind speed between 1979-2012, Figure 2.18 presents the 
water depth and Figure 2.19 the average significant wave height. 
CHAPTER 2: OFFSHORE WIND ENERGY REVIEW|24 
 
 
Figure 2.17: Global wind map at an altitude of 100m 1979-2012 (based on data by: DTU) 
 
Figure 2.18: Global water depth contour map (based on data by: NOAA) 
 
Figure 2.19: Global average significant wave height map (based on data by: ESA) 
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2.4 Wind turbine structures 
Wind turbines are the actual structures responsible for converting the kinetic energy of the 
wind into electric power, therefore it consists the vital part of an offshore wind farm 
something that explains their high cost. Further information on wind turbines are given in the 
following sections. 
2.4.1 Brief history of wind turbines 
Wind turbines are considered as the evolution of windmills, which were used for hundreds of 
years for different purposes such as irrigation and grinding. It was not until late 19th century 
that the wind would be used for a new purpose; produce electricity. The first wind turbine for 
producing electricity was designed and fabricated by Prof James Blyth of Anderson's College, 
Glasgow (now Strathclyde University) during 1887. The turbine was a cloth sailed vertical axis 
windmill with a 10m diameter rotor and it was used to charge accumulators (early batteries) 
and it remained operational for the next 27 years. That was the first instance of harnessing 
the power of the wind for commercial electricity production. However, the idea of electricity 
from wind did not catch on at the time. 
During the same year, at the other side of the world, Charles Brush developed his version of 
wind turbine and it was the first one built in the USA. It was a massive horizontal axis wind 
turbine with a 17m diameter rotor including 144 wooden blades driving a dynamo to charge 
12 batteries of 34 cells each. Despite the large size of the turbine, the generator was only able 
to produce 12kW. The low efficiency was caused due to the slow rotation of the rotor of the 
turbine, which was influenced by the large number of blades. The first person to understand 
that wind turbines with fewer blades are more efficient than the ones with many blades was 
the Danish scientist, Poul la Cour. In 1891, he developed wind turbines to supply a steady 
electrical power to rural areas of Denmark and by 1908, 72 wind turbines (ranging from 5 kW 
to 25 kW) were supplying electricity across Denmark. 
The development of the wind turbine technology progressed significantly over the next 
decades. Many different wind turbine designs were developed however the most significant 
one seems to be the first megawatt scaled turbine constructed in 1941 at the USA, known as 
the Smith-Putman turbine. It had a variable pitch two bladed rotor, with a diameter of 53m 
made from stainless steel and was rated 1.25MW. It operated until 1945, when one of its 
blades broke off due to metal fatigue, and it was decommissioned.  
During the post-war era, the use of fossil fuels was considered affordable and hindered the 
development of new wind turbines. It was until 1975 that the research on wind turbine 
technologies got intensified. Due to the major oil crisis in the Middle East, US Government 
funded NASA to develop modern technologies for wind turbines. Many concepts that are used 
until now, such as steel tube towers, variable-speed generators, composite blade materials, 
partial-span pitch control were introduced through this programme. In 1980 the first wind 
farm was built in the USA and it contained twenty wind turbines, with a capacity of 20kW 
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each. Two years later the first wind farm in Europe was built in the Greek island of Kythnos, 
which contained five wind turbines of 20kW each. In 1982 the first commercial wind turbine 
model with three blades and power capacity of 22kW was released and set the standards for 
modern wind turbines. However, the development of wind turbines slowed down as the oil 
price dropped, making wind to be considered an uneconomical source of energy.  
Later in 1991, the first attempt to access offshore wind is performed. The first offshore wind 
farm was installed in Vindeby (Denmark) and had a capacity of 4.95MW. It consisted of eleven 
specially modified onshore turbines (450kW each) built by Bonus Energy. In the following 
years, the growth was slow with only a small number of projects being developed in Denmark 
and the Netherlands. It was not until 2000 that the first large-scale offshore wind farm was 
built in Denmark, with a total power capacity of 400MW. Since then the offshore wind has 
started increasing steadily and more European countries started investing. Since the early 
days of offshore wind, it was clear that areas with higher wind speeds had to be exploited. 
However, in order to do so, access deeper water was essential, something that can 
significantly increase the cost of foundation design. A solution to this matter could be the 
floating foundations, the initial designs of which were presented in 2011. In 2017 the first 
commercial offshore wind farm consisting of only floating turbines is built in Scotland 
consisting of five wind turbines. Technology innovation of wind turbines will be a crucial 
matter in the next few decades for the uptake of offshore wind. An overview of key milestones 
of the wind industry since 1982 is presented in Figure 2.20    
 
Figure 2.20: Evolution of wind power technology from 1887 until present 
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2.4.2 The anatomy of an offshore wind turbine 
Wind turbines vary in sizes, designs and power output. Currently, the most common 
configuration of a wind turbine system consists of a rotor driving a horizontally mounted 
power generator. The basic elements of a wind turbine are the rotor, the nacelle, the tower, 
the transition piece and the foundation. The different components of a wind turbine are 
shown in Figure 2.21.  
 
Figure 2.21: Main components of a wind turbine 
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Nowadays, most wind turbines have three blades or (less commonly) two blades, which rotate 
around a central hub on a horizontal axis. There are though wind turbines where the axis of 
rotation is vertical to the ground. These turbines are independent of the wind direction and 
easier to maintain because the power generator is mounted at ground level. However, they 
are less efficient at transforming wind energy into electricity and they are only being used in 
small-scale projects. 
As it can be seen in Figure 2.21, the rotor of a wind turbine contains the blades and the hub 
and is crucial to the efficiency of power output. The wind turbine converts wind power to 
electricity by using the aerodynamic force created by the rotor blades. When the wind flows 
across the blade, the air pressure on one side of the blade decreases, therefore the pressure 
differential across the two sides of the blade creates both lift and drag. The force of the lift is 
stronger than the drag and this causes the rotor to spin. The shape, dimensions and number 
of the blades may vary, and they are designed in such a way so that they can withstand the 
forces acting on them and achieve the best possible aerodynamic performance for the 
required energy efficiency. The rotor is connected to the generator, either directly (if it's a 
direct drive turbine) or through a shaft and a series of gears (a gearbox) that speed up the 
rotation. This translation of aerodynamic force to rotation of a generator creates electricity. 
Other important components are the main shaft, the brake, the gearbox and the generator, 
which are housed inside the nacelle. The nacelle can rotate horizontally, through the yaw 
system, to align the rotor with the direction of the wind for optimum power performance. All 
these components are supported by the tower, which is constructed from tubular steel.  
Improving all the different components described, would enable larger, more reliable and 
efficient wind turbines. So far, the average size of offshore wind turbines grew approximately 
three times in less than two decades. Namely by 2.2MW and a rotor diameter of 50m in 2000 
to 6.6MW and a rotor diameter of 100m in 2018. All the improvements in wind turbine 
technologies will be more evident in the next years, when turbines of more than 10MW will 
be available in the market by 2022 and more than 15MW by 2030. The technological progress 
of wind turbines, along with future projections, is shown in Figure 2.22. 
  
Figure 2.22: Evolution of offshore wind turbines and projections 
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2.4.3 Foundations of offshore wind turbines 
Foundations of wind turbines constitute the most important design consideration and often 
determine the financial viability of the whole farm project. When a turbine is sited onshore, 
the foundation is relatively straight forward. It consists of a concrete slab that is heavy enough 
to create enough moment and force to withstand the movements and bending moments of 
the loads acting on the turbine (Thomsen, 2012). 
On the other hand, the design of offshore foundations is more complicated, not only because 
these foundations represent a significant component of the overall cost, but also due to the 
fact that they have a considerable influence on the dynamic characteristic of the whole turbine 
structure. The static principle of offshore foundation is characterised by whether the stability 
is guaranteed from the mass of the foundation body (i.e. gravity base foundation) or whether 
the structure is embedded or anchored in the sea floor (i.e. monopile). Over the years, 
numerous of offshore foundation designs have been developed. Some of the most common 
types of offshore foundations are shown in Figure 2.23. 
   
Figure 2.23: Common types of foundations used to support offshore turbines 
The selection depends mostly on the water depth at the site location and the size of the 
structure resting on them. For up to 60 meters of water depth, the foundations are placed 
directly on the seabed. However, for deeper waters, the wind turbines are placed on top of 
floating structures known as floaters, which are anchored on the seabed. 
The most commonly used offshore wind turbine foundations are described below, along with 
the pros and cons of each type (Hau, 2006; Thomsen, 2012): 
• Gravity Base: is a very heavy structure usually made of concrete or caissons filled with 
gravels. The gravity base stands directly on the seabed, and therefore before installing such 
a foundation, the seabed must be levelled and possibly reinforced, something that will 
require extensive underwater work. For shallow water depths, it can be considered as the 
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most cost-effective type of foundation. However, there is a rule of thumb which says that 
the mass (and therefore the cost) increases almost as a square, as the water depth 
increases. For this reason, their use is restricted to a maximum water depth of 10m. 
• Monopile: is free-standing steel tube of a large diameter that is driven into the seabed 
using a large hydraulic hammer. A monopile requires no preparation of the sea bed and is 
embedded in semi-hard seabed conditions in order to avoid expensive drilling work. 
Depending on the ground profile, monopile can be installed up to a water depth of around 
25m. This sort of foundation is a simple solution and is preferred mostly for cost reasons. 
• Tripod: is a steel tube supported by three legs. The three legs are anchored on the seabed 
using thinner steel piles. Just like the monopile, this type of foundation requires a limited 
preparatory work on the seabed. It is suitable for water depths of up to 60m and it has 
been proven to be very reliable. However, it is very expensive to produce, difficult to handle 
in large numbers at a time and takes much longer to install than a monopile. 
• Jacket: is a lattice-type steel structure, usually square in footprint and constructed of thin 
tubes. Like the tripod, the jacket structure is anchored on the seabed using thinner steel 
piles. Due to the lattice structure, its weight is low, and it can create significant resistance 
to forces and bending moments and therefore It is used exclusively for large water depths, 
of up to 60m. Nevertheless, the cost of manufacturing is high due to the numerous nodes 
in the structure, which must all be done manually and like the tripod it is difficult to handle 
and install. 
• Floating foundations: are just like buoys that are anchored on the seabed by mooring lines. 
There are different types of floating foundations proposed, but they are not used 
commercially yet. The main reason is that they are not an economic alternative for current 
wind turbines. However, these foundations can contribute significantly to an offshore wind 
growth in the next few decades, as they will allow offshore industry to access sites with 
water depth larger than 60m and exploit the full potential of wind. 
The share of each foundation type in offshore wind farms for 2018 can be seen in Figure 2.24. 
  
Figure 2.24: Share of foundation types in Europe for 2018 (data by: WindEurope, 2019) 
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The design of offshore foundations for wind turbines is such a complex task that it can be 
considered an entire science itself. The choice and design of foundation will be influenced by 
many parameters. The dimensions and the mass of the turbine are the first parameters that 
will influence the selection and design of the foundation. Equally important parameters are 
the site conditions, which include the loads (wind and wave), the ground profile and the water 
depth. Of course, the economics and logistics of the installation process must be considered 
during the design. 
2.5 Loads on offshore wind turbines 
From an engineer’s point of view, an offshore wind turbine is an interesting case of structure, 
not only because of its unique geometry, but also due to the complexity of the loads acting on 
it. In order to better understand the loading conditions on any structure, it is necessary to 
break them into different components (Petrini et al., 2010). In the case of offshore wind 
turbines, the loads can be classified to static, aerodynamic, hydrodynamic, loads arising from 
the operation of the turbine or to incidental loads. Figure 2.25 presents all the different loads 
associated with offshore wind turbines and classifies them to different categories. 
 
Figure 2.25: Distinction of loads acting on an offshore wind turbine 
Out of these loads, the static part (such as the weight of the structure) and the loads caused 
by the operation of the wind turbine are relatively simple to calculate, whereas the 
aerodynamic and the hydrodynamic loads can only be calculated with significant difficulty.  
Therefore, the following sections will focus mostly on the dynamic loads, such as the 
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aerodynamic, hydrodynamic and 1P and 3P loads. However, the analysis of the dynamic loads 
in the following sections will be simplified and only cover the most important aspects, rather 
than presenting a thorough review. For more information on the loading aspect of wind 
turbines, the following publications are recommended (IEC, 2009; DNV, 2010; El-Reedy, 2012; 
Karimirad et al., 2018; Bhattacharya 2019). 
2.5.1 Wind loading 
In a previous section, wind was defined as the movement of air mass. This movement of air 
mass is described by its speed, which is highly variable in space and time and therefore it must 
be measured at the locations of interest and at different altitudes. These measurements are 
then broken down into time intervals out of which the mean wind speed and standard 
deviation are calculated. Most commonly a 10-minute mean wind speed (𝑈10) at 10m and the 
standard deviation of the wind speed (𝜎𝑈) are used as a reference to describe a wind climate. 
Based on the reference values of wind and when terrain and atmospheric conditions are not 
complex, a wind speed profile can be created for a specific location. This profile represents 
the variation of the mean wind speed with height above the water level. More specifically, 
based on a wind profile the velocity of the wind is equal to zero on the water level and it 
increases continuously as it moves further away from the surface until it reaches a maximum 
speed; after that, the wind profile is nearly flat. A commonly applied wind profile model is the 
logarithmic profile model, which is the solution of a simplified Navier–Stokes equation.  
 𝑈(𝑧) =
𝑢∗
𝑘𝑎
 𝑙𝑛
𝑧
𝑧0
 (2.7) 
where 𝑘𝑎 = 0.4 is von Karman’s constant, 𝑧 is the height and 𝑧0 is a terrain roughness 
parameter (also known as the roughness length and for open sea with waves condition is 
within 0.0001 - 0.01m) and 𝑢∗ is the friction velocity and depends on the amount of drag 
induced on the velocity of the wind because of the presence of the surface; it can be calculated 
from the 10-minute mean wind speed at 10m the as follows: 
 𝑢∗ = √𝜅 𝑈10 (2.8) 
where 𝜅 is the surface friction coefficient and can be calculated using the formula: 
 𝜅 =
𝑘𝑎
(𝑙𝑛
𝐻
𝑧0
)
⁄  (2.9) 
Another simpler profile model is the logarithmic profile model and it can be written as follows: 
 𝑈(𝑧) = 𝑈(𝐻) (
𝑧
𝐻
)
𝛼
 (2.10) 
where 𝑈(𝐻) is the mean speed at the height 𝐻 and 𝑎 is the power law exponent, which 
depends on the terrain roughness (for open sea with waves condition is 0.12). 
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Figure 2.26 presents the wind profiles for a wind blowing over open sea with a mean wind 
speed equal to 12m/s measured at 10m above the sea level, created based on the two 
methods described. The results from both methods seem to be in good agreement with each 
other (Karimirad et al., 2018). 
 
Figure 2.26: Wind profiles based on the Logarithmic and the Power-law approaches for the 
same wind (Karimirad et al., 2018). 
An important aspect of the dynamic nature of wind is the turbulence, which is the irregular 
motion of air. In other words, it can be described as the natural variation of the wind speed 
about the mean wind speed (?̅?) and is characterised by the standard deviation (𝜎𝑈). 
Therefore, this fluctuation of wind speed, commonly referred as turbulence intensity or 
turbulence level, is defined as: 
 𝐼 =
𝜎𝑈
?̅?⁄
 (2.11) 
This value usually varies between 0.1 and 0.4, and it is higher for lower wind speeds. 
As the wind speed varies with elevation, the height of the structure or component considered 
shall be considered. Also due to turbulence there is a dynamic component, which should be 
considered when calculating the wind load. Therefore, the wind induced force (𝐹𝑤𝑖𝑛𝑑) on 
structures is space and time dependent and can be calculated according to: 
 𝐹𝑤𝑖𝑛𝑑 =
1
2
 𝜌𝑎 𝐴 𝐶 (?̅? + 𝑢)
2 (2.12) 
where 𝜌𝛼 is the density of air,  𝐴 is the area normal to the direction of the force, 𝐶 is a shape 
coefficient, ?̅? is the mean wind speed over a specific time interval and height and 𝑢 is a 
dynamic wind load component, which is the gust speed and direction variation. 
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For the case of offshore wind turbines, the wind load taken into account for design is the load 
produced by the thrust (𝑇ℎ) of the wind on the blades and tower. Therefore, equation 2.12 
takes the following form: 
 𝑇ℎ =
1
2
 𝜌𝑎  𝐴𝑅 𝐶𝑇 (?̅? + 𝑢)
2 (2.13) 
where 𝐴𝑅 is the rotor swept area and 𝐶𝑇 is the thrust coefficient which depends on the turbine 
specifications. 
2.5.2 Wave loading 
The sea waves are nothing more than periodic motions of water due to the perturbation on 
the water surface and they propagate due to gravity force. Similar to the wind, sea waves are 
highly variable, and they can be random in shape, height, length and speed of propagation. 
Along with their nonlinear and the three-dimensional nature, waves are complex and difficult 
to describe and therefore there are many different approaches to mathematically model 
waves and describe their motion. The simplest method is the linear wave theory, developed 
by Airy in 1845 and assumes that the wave height to be much smaller than both the wave 
length and the water depth.  
In this method the wave is conceived as regular, having a sinusoidal form, and it is propagating 
with permanent form as shown in Figure 2.27. There are three parameters used to describe 
any wave. These are the wave height 𝐻, the wave length 𝐿 and the water depth 𝑑. For regular 
waves the crest height 𝑎𝐶  is equal to the wave trough height 𝑎𝑇 and therefore 𝐻 = 2𝑎.  
 
Figure 2.27: Propagation of regular waves and notation of significant parameters. 
Based on the two-dimensional, progressive wave propagation in the positive direction, shown 
in Figure 2.17, it can be understood that as the wave propagates, it sets the free surface in 
motion and can be expressed by the parameter 𝜂. This term describes the displacement of the 
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free surface (not within the water mass) relative to the SWL and it is a function of 𝑥 and time 
(𝑡) and not a function of 𝑧. The kinematic equations for the free surface waves can be 
expressed as: 
• the surface elevation 𝜂(𝑥, 𝑡) at location 𝑥 and time t: 
 𝜂(𝑥, 𝑡) =
𝐻
2
cos (𝑘𝑥 −
2𝜋𝑡
𝑇
) (2.14) 
• the horizontal particle velocity 𝑢(𝑥, 𝑧, 𝑡) at position (𝑥, 𝑧) at time t: 
 𝑢(𝑥, 𝑧, 𝑡) =
𝜋𝐻 cosh(𝑘(𝑑+𝑧))
𝑇 sinh(𝑘 𝑑)
cos (𝑘𝑥 −
2𝜋𝑡
𝑇
) (2.15) 
• the vertical particle velocity 𝑤(𝑥, 𝑧, 𝑡) at position (𝑥, 𝑧) at time t: 
 𝑤(𝑥, 𝑧, 𝑡) =
𝜋𝐻 sinh(𝑘(𝑑+𝑧))
𝑇 sinh(𝑘 𝑑)
sin (𝑘𝑥 −
2𝜋𝑡
𝑇
) (2.16) 
• the horizontal particle acceleration ?̇?(𝑥, 𝑧, 𝑡) at position (𝑥, 𝑧) at time t: 
 ?̇?(𝑥, 𝑧, 𝑡) =
2𝜋2𝐻 cosh(𝑘(𝑑+𝑧))
𝑇2 sinh(𝑘 𝑑)
sin (𝑘𝑥 −
2𝜋𝑡
𝑇
) (2.17) 
• the vertical particle acceleration ?̇?(𝑥, 𝑧, 𝑡) at position (𝑥, 𝑧) at time t: 
 ?̇?(𝑥, 𝑧, 𝑡) = −
2𝜋2𝐻 sinh(𝑘(𝑑+𝑧))
𝑇2 sinh(𝑘 𝑑)
cos (𝑘𝑥 −
2𝜋𝑡
𝑇
) (2.18) 
where 𝑥 is the along-wind coordinate, 𝑧 is the vertical coordinate, 𝑡 is time, 𝐻 is the wave 
height, 𝑇 is the wave period, 𝑑 is the water depth and 𝑘 is the wave number  
The wave load exerted on an offshore foundation will mostly depend on the geometry of the 
element and the hydrodynamic conditions. For slender structural elements having a diameter 
(𝐷) significantly smaller than the wave length (𝐿 > 5𝐷), wave load 𝐹𝑊(𝑧, 𝑡) can be calculated 
using Morison's formula which is the sum of drag force 𝐹𝐷(𝑧, 𝑡) and inertia force 𝐹𝐼(𝑧, 𝑡): 
 𝐹𝑊(𝑧, 𝑡) = 𝐹𝐷(𝑧, 𝑡) + 𝐹𝐼(𝑧, 𝑡) (2.19) 
The drag force 𝐹𝐷(𝑧, 𝑡)  and the inertia force 𝐹𝐼(𝑧, 𝑡) due to a wave acting on an object are 
proportional to the square of the horizontal particle velocity and acceleration respectively.  They 
are given by:  
 𝐹𝐷(𝑧, 𝑡) =
1
2
 𝜌𝑤  𝐷𝑆 𝐶𝐷 𝑢
2(𝑧, 𝑡) (2.20) 
 𝐹𝐼(𝑧, 𝑡) = 𝐶𝑚 𝜌𝑤 𝐴𝑆  ?̇?(𝑧, 𝑡) (2.21) 
where  𝜌𝑤 is the density of water, 𝐷𝑆 is the diameter of the substructure, 𝐶𝐷 is the drag 
coefficient 𝐶𝑀 is the inertia coefficient, 𝑢 horizontal particle velocity and ?̇? horizontal particle 
acceleration. 
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2.5.3 Current loading 
Sea current is the continuous horizontal movement of the water mass due to several different 
reasons such as the Coriolis effects of earth, the spatial difference in temperature, the wind 
and more. Depending on the reason the currents are created, these vary in characteristics, 
such as velocity and how this is distributed within the water. However, two types of currents 
are important for the design of offshore structures; the tidal currents and the wind currents. 
Therefore, the summation of the velocity of these two types of current will give the overall 
velocity of the sea current (𝑈𝐶𝑢𝑟𝑟𝑒𝑛𝑡): 
 𝑈𝐶𝑢𝑟𝑟𝑒𝑛𝑡(𝑧) = 𝑈𝐶𝑡𝑖𝑑𝑒(𝑧) + 𝑈𝐶𝑤𝑖𝑛𝑑(𝑧) (2.22) 
• Tidal currents are the horizontal movements of the water due to rise and fall of sea levels 
caused by tides. The tidal currents usually vary with depth with a power law formula, and 
the following relation might be used: 
 𝑈𝐶𝑡𝑖𝑑𝑒(𝑧) = 𝑈𝐶𝑡𝑖𝑑𝑒(0) (1 +
𝑧
𝑑
)
1
7
 (2.23) 
• Wind currents are created due to the continuous interaction of wind with the water 
surface. The speed of wind currents (𝑈𝐶𝑤𝑖𝑛𝑑) varies linearly with water depth and can be 
approximated with the following formula: 
 𝑈𝐶𝑤𝑖𝑛𝑑(𝑧) = 𝑈𝐶𝑤𝑖𝑛𝑑(0) (1 +
𝑧
𝑑
) (2.24) 
where 𝑈𝐶𝑡𝑖𝑑𝑒(0) and 𝑈𝐶𝑤𝑖𝑛𝑑(0) are the current velocities at the water surface, 𝑧 is the depth 
of interest and d is total water depth 
Current load analysis can be calculated very similar to the static wind load analysis, since wind 
and water are both fluids and have nearly steady velocities. After calculating the total current 
velocity, the current force (𝐹𝐶𝑢𝑟𝑟𝑒𝑛𝑡) can be calculated according to: 
 𝐹𝐶𝑢𝑟𝑟𝑒𝑛𝑡 =
1
2
  𝜌𝑤  𝐴 𝐶𝐷 𝑈𝐶𝑢𝑟𝑟𝑒𝑛𝑡
2 (𝑧) (2.25) 
where  𝜌𝑤 is the density of water, 𝐴 is the area normal to the direction of the force, 𝐶𝐷 is the 
drag coefficient. 
2.5.4 1P loading 
A wind turbine is subjected to a cyclic loading at the hub level when it is operational. The 
source of this load is the imbalances created due to the differences of the mass and 
aerodynamics of the individual blades, during manufacturing. The amplitude of this force 
depends on the mass of the blades is distributed and the centrifugal acceleration, which in 
other words means how fast the turbine is rotating. Since most of the industrial wind turbines 
are variable-speed machines, as set by the specifications of the manufacturer, 1P loading can 
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be extremely variable. Also, the quantification of the imbalances can be a really difficult task, 
which will eventually require more input information and sophisticated methods to analyse 
them. Theoretically this 1P load 𝐹1𝑃 can be calculated by: 
 𝐹1𝑃 = 𝑚 𝑅 𝜔
2 (2.26) 
where 𝑚 is the mass of the blades, 𝑅 is the distance of the centre of mass of the blades from 
the centre of the rotor and 𝜔 is the angular velocity of the mass. 
2.5.5 3P loading 
When a blade passes in front of the tower, it disturbs the flow of wind and therefore decreases 
the load on the tower. This action is also referred as blade shadowing. Due to the continuous 
fluctuation of the thrust on the tower, a dynamic load is created. This load mainly depends on 
the number of blades of the turbine (i.e. for three bladed turbine the load is called 3P), the 
characteristics of the blades (i.e. length and aerodynamics) and the rotational speed. In a 
simplified method, the magnitude of the 3P load could be estimated by simple geometric 
calculations. 
 
2.6 Load transfer mechanism  
Offshore wind turbine installation is a unique type of structure due to their geometry (i.e. 
mass and stiffness distribution along the height) and the loads acting on it. The loads on the 
foundation is dependent on the environmental loads and machine loads and are a mixture of 
cyclic and dynamic components. Resolving the complex loading of offshore wind turbines, into 
its most important components, is essential to get a better understanding of each load 
separately. However, in the field there will be interactions between the different loads and 
therefore it is equally important to study the combined action of all the major loads described 
in the previous section. The key points of the loads are discussed here: 
• Each of these loads has unique characteristics in terms of magnitude, frequency and 
number of cycles applied to the foundation.  
• The loads imposed by the wind and the wave are random in both space (spatial) and time 
(temporal) and therefore they are better described statistically.  
• Apart from the random nature, these two loads may also act in two different directions 
(often termed as wind-wave misalignment) to have a steady power output.  
• The presence of currents in the water produces some minor effects and therefore the 
current load can be neglected in calculations. 
• 1P loading is caused by mass and aerodynamic imbalances of the rotor and the forcing 
frequency equals the rotational frequency of the rotor.  
• On the other hand, 3P loading is caused by the blade shadowing effect, wind shear (i.e. the 
change in wind speed with height above the ground) and rotational sampling of turbulence. 
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A schematic representation of all the major external loads acting on an offshore wind turbine 
is shown in Figure 2.28. All these loads will eventually have to be transferred, through the 
foundation, to the ground safely and without excessive deformation to the surrounding soil. 
Therefore, understanding the transfer mechanism of the loads for different types of 
foundations it is crucial for an effective foundation design. 
 
Figure 2.28: External loads acting on an offshore wind turbine 
As it was mentioned in a previous section, there are different types of foundations and their 
choice mainly depends on the water depth. The offshore wind turbine foundations can either 
be grounded or floating systems. Figure 2.29 presents the load transfer mechanism for two of 
the most common grounded systems, a single large diameter monopile and multiple piles 
system supporting a jacket. It is obvious that there is a great difference between these 
foundations. In the case of monopile-supported wind turbine structures or for that matter any 
single foundation, the load transfer is mainly through overturning moments where the 
monopile/foundation transfers loads to the surrounding soil and therefore it is lateral 
foundation soil interaction. On the other hand, for multiple support structure, the load 
transfer is mainly through push-pull action i.e. axial loads. For comparison, the load transfer 
for floating system is of “snatch” type of loading and is shown in Figure 2.30. 
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Figure 2.29: Load transfer mechanisms for monopile and jacket supported on piles 
 
   
Figure 2.30: Load transfer mechanisms for floating spar foundation 
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2.7 Load frequency considerations 
Another important aspect of the loads is their frequency. There is a chance that the natural 
frequency of the turbine structure coincides with the frequency of one of the loads and leads 
to higher response of the structure, due to resonance. In order to find the frequency 
components within the wind and wave, or in other words the power spectral densities, simple 
models have been created. The most popular models are presented below (DNV, 2010): 
One of the most popular models to find the wind power spectral density, is the von Karman 
model, which can be written in the following form: 
 𝑆𝑈(𝑓) = 𝜎𝑈
2 6.868(𝐿𝑢 ?̅?)⁄
[1+10.32(𝑓𝐿𝑢 ?̅?)⁄ ]
5
3
 (2.26) 
where 𝑓 is the frequency of the wind, 𝜎𝑈 the standard deviation of wind speed and 𝐿𝑢 is the 
integral length scale and unless there are data indicate otherwise, the integral length scale 𝐿𝑢 
can be calculated as: 
 𝐿𝑢 = 300 (
𝑧
300
)
0.46+0.074 𝑙𝑛𝑧0
 (2.27) 
In order to calculate the wave power spectral density, the JONSWAP spectrum is the most 
common model and can be expressed as: 
 𝑆𝐽(𝑓) =
2𝜋 𝐴𝛾 𝐻1/3
2  𝛾𝑟
 𝑇𝑝
4 𝑓5 𝑒
1.25 𝑇𝑝
4  𝑓−4
 (2.28) 
where 𝑓 is the frequency of the wave, 𝐴𝛾 is a normalising factor, 𝐻1/3 is the significant wave 
height, 𝑇𝑝 is the peak wave period and 𝛾 is the peak enhancement factor and values are given 
by: 
 𝐴𝛾 = 1 − 0.287 𝑙𝑛(𝛾) (2.29) 
 𝑟 = 𝑒−
𝑇𝑝
𝜎
 (𝑓−𝑓𝑝)
2
 (2.30) 
Unlike the wind and wave loads, that require more advanced methods to calculate their 
frequencies, 1P and 3P loading frequencies are more straightforward to calculate as they 
depend only on the turbine’s operational specifications. 1P loading has a frequency equal to 
the rotational frequency of the rotor can take a value between the frequencies associated 
with the lowest and the highest rpm (revolutions per minute) of the turbine. 3P loading 
depends on the rotational frequency of the rotor as well. More specifically it is equal to three 
times the rotational frequency of the turbine (3P) for three-bladed wind turbines.  
In order to visualise the dynamic design constraints, Figure 2.31 presents a schematic diagram 
of the main frequencies of the four major types of loads calculated based on the Vestas V90 
3MW turbine at two wind farm locations (Kentish Flats and Thanet). In the plot, the natural 
frequency of two Vestas V90 3MW wind turbines at the locations is plotted. Though the 
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turbines are the same, the variation in the natural frequency is due to the different ground 
and site conditions. 
From Figure 2.31, it is clear that the first natural frequency (𝑓𝑜) of the overall wind turbine 
system (including the foundation), should be placed outside the range of the loading 
frequencies in order to avoid resonance phenomena, which will ultimately increase the fatigue 
damage. Therefore, three types of designs are possible (Bhattacharya, 2019): 
• Soft-soft design: where 𝑓𝑜 is placed below the 1P frequency range (𝑓𝑜 < 𝑓1𝑃 𝑚𝑖𝑛), which is 
a very flexible structure and almost impossible to design for a grounded system. 
• Soft-stiff design: where 𝑓𝑜 is between 1P and 3P frequencies (𝑓1𝑃 𝑚𝑎𝑥 < 𝑓𝑜 < 𝑓3𝑃 𝑚𝑖𝑛) and 
this is the most common in the current offshore development.  
• Stiff-stiff design: where 𝑓𝑜 have a higher natural frequency than the upper limit of the 3P 
band (𝑓𝑜 < 𝑓3𝑃 𝑚𝑎𝑥) and will need a very stiff support structure. 
 
Figure 2.31: Frequency range of the loads along with natural frequency of the turbines for 
3MW Turbines 
Current design aims to place the natural frequency of the whole system in between 1P and 3P 
in the so-called “soft-stiff” design. In the plot, the natural frequency of two Vestas V90 3MW 
wind turbines from two wind farms (Kentish Flats and Thanet) are also plotted. Though the 
turbines are same, the variation in the natural frequency is due to the different ground and 
site conditions. Few points may be noted: 
• In the soft-stiff design, the natural frequency or the resonant frequency is very close to the 
upper end of 1P (i.e. frequency corresponding to the rated power of the turbine) and lower 
bound of the 3P (i.e. cut-in speed of the turbine). This will inevitably cause vibration of the 
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whole system as the ratio of forcing to natural frequency is very close to 1. It is worth noting 
that resonance under operational condition has been reported in the German North Sea 
projects (Hui et al., 2014). 
• For a soft-stiff 3MW WTG system, 1P and 3P loading can be considered as dynamic (i.e. 
ratio of the loading frequency to the system frequency very close to 1. Most of the energy 
in wind turbulence is in lower frequency variations (typically around 100s peak period), 
which can be considered as cyclic. On the other hand, 1P and 3P dynamic loads change 
quickly in comparison to the natural frequency of the WTG system and therefore the ability 
of the WTG to respond depends on the characteristics, and dynamic analysis is therefore 
required. 
• As a rule of thumb, if the natural frequency of the WTG structure is more than 5 times the 
forcing frequency – the loading can be considered cyclic and inertia of the system may be 
ignored. For example, for a 3MW wind turbine having a natural frequency of 0.3Hz, any 
load having frequency more than 0.06Hz is dynamic. Therefore, wave loading of 0.1Hz is 
dynamic. 
2.8 Design Load Assumptions 
In order to come up with the design loads, it is essential to understand the possible constraints 
imposed on the design for a typical offshore wind turbine.  These constraints are known as 
limit states. These limit states define conditions beyond which the structure will no longer 
satisfy the design requirements. These are (Cox, 2014): 
Ultimate Limit State (ULS): this refers to the maximum load carrying capacity of the turbine 
system under several different loading situations. This is of particular concern when designing 
structural components, in this instance the foundation 
Fatigue Limit State (FLS):  this specify a series of failure conditions of the system whilst under 
the application of a repetitive cyclic loading. As cumulative damage is caused by repetitive 
loads, the dynamic design is of particular concern. If the loading frequencies are closely 
matched to that of the structure’s modal frequencies, dynamic load amplification can occur 
effectively applying a greater cyclic load to the structure. 
Serviceability Limit State (SLS): this define the operational tolerances imposed on the turbine 
system. These limits define the total deflection, instantaneous deflection and differential 
settlement/accumulation of rotation allowable throughout the lifetime of the turbine system. 
Excessive deflections or settlements can have an adverse effect on non-structural components 
such as the generator and gearbox. 
Accidental Limit State (SLS): this refers to any resistance or damage requirement of a 
structure when it is subjected to an accidental or unexpected load. Such a loading situation 
and structural requirements can vary greatly, based on the structure and its location. 
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Following the work of Arany et al (2015, 2017), five load scenarios are considered critical for 
foundation design for offshore wind turbines. The load cases are listed in Table 2.1. The load 
cases are built up as the combination of three wind scenarios and four wave scenarios: 
Wind scenarios: 
• Normal Turbulence Model (NTM): describes the variation of wind speed (turbulence) in 
normal conditions. 
• Extreme Turbulence Model (ETM): describes the wind speed variations (turbulence) in 
extremely turbulent wind conditions. 
• Extreme Operational Gust (EOG): describes a single event of the 50-year highest extreme 
operational wind gust hitting the rotor. 
Wave scenarios: 
• 50-year Extreme Wave Height (𝑯𝑬,𝟓𝟎): the single highest wave within a 50-year storm (a 
storm with a 50-year return period, that is, the yearly highest storm with 0.02 probability). 
• 50-year Significant Wave Height (𝑯𝑺,𝟓𝟎): the average height of the highest one third of 
waves in a 3 hour storm with a return period of 50 years. 
• 1-year Extreme Wave Height (𝑯𝑬,𝟏): the single highest wave expected in a yearly highest 
storm. 
• 1-year Significant Wave Height (𝑯𝑺,𝟏): the average height of the highest one third of 
waves in the strongest 3-hour storm expected in a year (defined as 𝐻𝑆,1 = 0.8𝐻𝑆,50). 
The wave conditions are considered independent of the wind conditions. In reality this is not 
necessarily true as storms typically bring high waves and high winds at the same time. It may 
be noted that this assumption is conservative as the maximum thrust force on the rotor does 
not correspond to the highest wind speeds but those close to the rated wind speed. 
Table 2.1: Load cases considered for foundation design 
# Name Description Wind scenario Wave scenario 
1 
Extreme 
Wave Load 
Describes the highest wave load expected 
in 50 years hitting the substructure, while 
extremely turbulent wind load is hitting 
the rotor at the rated wind speed. 
Extreme Turbulence 
Model (ETM) at 
Rated Wind Speed 
(𝑈𝑅) 
50-year Extreme 
Wave Height 
(𝐻𝐸,50) aligned 
with the wind 
direction 
2I 
Extreme 
Two-way 
Loading 
The load scenario is the same as in Load 
Case I, but the wind and wave loads are 
misaligned with a 90° difference in the 
load directions. This causes extreme two-
way loading in the cross-wind (side-to-
side) direction. 
Extreme Turbulence 
Model (ETM) at 
Rated Wind Speed 
(𝑈𝑅) 
50-year Extreme 
Wave Height at an 
angle of 90° to the 
wind direction 
(cross-wind) 
3I 
Extreme 
Dynamic 
Wind Load 
The 50-year Extreme Operational Gust 
(EOG) hits the rotor at rated wind speed. 
It is assumed that the change in wind 
speed is so fast that the pitch control 
50-year Extreme 
Operational Gust at 
Rated Wind Speed 
(𝐸𝑂𝐺𝑅) 
1-year Extreme 
Wave Height (𝐻𝐸,1) 
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cannot follow it. Meanwhile the 1-year 
extreme wave is hitting the substructure. 
This is expected to cause the highest 
dynamic wind load scenario. 
aligned with the 
wind direction. 
4 
High Wind 
Storm 
The wind speed equals the cut-out wind 
speed (𝑈𝑜𝑢𝑡, the highest wind speed at 
which the turbine is still operational) and 
the 50-year extreme operational gust at 
cut-out wind speed 𝐸𝑂𝐺𝑂 hits the rotor, 
while the structure suffers the 50-year 
Extreme Wave (𝐻𝐸,50). 
50-year Extreme 
Operational Gust at 
Cut-out Wind Speed 
(𝐸𝑂𝐺𝑂) 
50-year Extreme 
Wave Height 
(𝐻𝐸,50) aligned 
with the wind 
direction 
5 
Normal 
Operation 
The wind turbine is operating at the rated 
wind speed (𝑈𝑅) in normal turbulence 
conditions (NTM), while the 1-year storm 
significant wave height (𝐻𝑆,1) is acting at 
the substructure. 
Normal Turbulence 
Model (NTM) at 
Rated Wind Speed 
(𝑈𝑅) 
1-year Significant 
Wave Height 
(𝐻𝑆,1) aligned with 
the wind direction. 
 
While Figure 2.28 describes the loads in the usual form, it is necessary to simplify the loads in 
order to study the systems behaviour (especially experimentally). By knowing the design loads 
and their frequency, it is possible to transform the loads as shown in Figure 2.32 It may be 
noted that the loads from wind and wave and few orders of magnitude higher than 1P and 3P.  
Therefore, from the soil testing and SSI point of view, the combination of the wind and the 
wave is critical.  
 
Figure 2.32: Simplification of the loading conditions on an offshore wind turbine 
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It may be noted that these loads may also act in different directions. For the design of 
foundation the following parameters are important:  
• Maximum mudline bending moment (Mmax),  
• Minimum mudline bending moment (Mmin) and  
• Frequency of loading.  
Scaled model tests by Leblanc et al (2012) suggest that the ratio of Mmin/Mmax has a dominant 
effect on the accumulation of tilt, which means that a general understanding of the loads on 
current windfarms is crucial. Deterministic load calculation methods developed by (Arany, et 
al., 2015) (Arany, et al., 2017), and (Arany & Bhattacharya, 2018) based on statistical variations 
of wind and waves described in the IEC 61400 and DNGL-ST-0437 codes can be used to get a 
preliminary understanding of the loading profiles. Similar calculations are presented in 
Chapter 4.  
 
 
Figure 2.33: Simplified mudline bending moment time history on a monopile under the action 
of regular waves 
Based on the method developed by Arany et al (2017), Table 2.1 shows typical values of thrust 
due to the wind load acting at the hub level for five turbines ranging from 3.6MW to 8MW. 
The thrust load depends on the rotor diameter, wind speed, controlling mechanism and 
turbulence at the site. The mean and maximum mudline bending moment on a monopile is 
also listed. Wave loads strongly depend on the pile diameter and the water depth and is 
therefore difficult to provide a general value. The table contains a relatively severe case of 
30m water depth and a maximum wave height of 12m.  
The authors suggested that typical values of wave loading ranges between 2MN and 10MN 
acting at about 3/4 of the water depth above the mudline which must be added to the wind 
thrust. Typical peak wave periods are around 10 seconds. The pattern of overturning moment 
on the monopile is schematically visualized in Figure 2.33. In the figure a typical value of the 
peak period of wind turbulence is taken and can be obtained from wind spectrum data. 
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Table 2.2: Typical wind and wave loads for various turbine sizes for a water depth of 30m. 
Parameter Unit 
Turbine rated power 
3.6MW 3.6MW 5.0MW 6-7 MW 8MW 
Rotor Diameter m 107 120 126 154 164 
Rated wind speed m/s 13 13 11.4 13 13 
Hub height m 75 80 85 100 110 
Mean thrust at hub MN 0.50 0.60 0.60 1.00 1.20 
Max thrust at hub MN 1.00 1.20 1.20 2.00 2.30 
Mean mudline moment Mmean MNm 53 69 70 135 165 
Max mudline moment Mmax MNm 103 136 137 265 323 
Water depth m 30 30 30 30 30 
Maximum wave height m 12 12 12 12 12 
Typical monopile diameter m 5.5 6 6.5 7 7.5 
Horizontal wave force MN 3.67 4.2 4.81 5.43 6.09 
Mudline moment from waves MNm 104 120 137 155 175 
Unfactored design moment MNm 207 256 274 420 498 
 
2.9 Main design and life-cycle prediction challenges for offshore wind turbines  
In a bid to reduce the LCOE, without compromising on the integrity of a turbine, many 
challenges are faced. Once wind turbines are installed on the seabed, the expectations are 
that they will work and produce energy. Therefore, there are many challenges to keep in mind 
while designing these structures: 
• One of the ways to lower the LCOE and make economic (i.e. minimize the cost of offshore 
wind) is to utilize larger size wind turbines than the ones used onshore. This is because of 
the fact that the installation costs offshore is relatively insensitive to the size of the wind 
turbine and also due to the fact that there are no height restrictions. Additionally, as the 
wind farm are getting larger, they are being sited in deeper waters.  Bhattacharya (2014) 
discusses many of the challenges in the design and construction related to long term 
performance issues. The main long-term issues are listed below: 
• One of the unique issues with wind turbine structure is the multiple cyclic/dynamic loads 
acting on the foundation. As shown in Figures 2.13 and 2.14 (schematic diagram of a wind 
turbine structure with the main loads: wind, wave, 1P and 3P), each of the 4 main loads has 
unique frequency, magnitude and applies different number of cycles. Furthermore, as 
water depths increase, the wave load will increase. The wind thrust load depends on the 
blade diameter. Research by Arany et al (2015) showed that 1P and 3P loads are orders of 
magnitude lower but will apply large number of cycles to the foundation. One of the issues 
is therefore the prediction of wind turbine structure due to this complex loading system. 
Considering the civil engineering applications – perhaps there are no structures subjected 
to such complex loading. Therefore, the aim of this research is to better understand the 
Soil Structure Interaction (SSI) and how these can be taken into consideration in design. 
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• Grounded wind turbine structures have low natural frequency (typical values are 0.22 Hz 
for 8MW and 0.33 to 0.35Hz for 5MW) and they are very close to the rotor frequency 
(termed as 1P) and certain environmental loads (i.e. Wave frequency). Recent reports, Hu 
et al (2014) suggested that some turbines in German North Sea are resonating. Therefore, 
dynamic aspects must be considered in the analysis and the mechanisms must be 
understood.      
• Wind turbine structures can be exposed to extreme storm events and then the loads will 
be much higher than the operational loads. Following the storm event, the load levels will 
be back to operational and it is necessary to predict the deformations during the storm 
levels to ensure trouble free operation and to be compliant with the SLS (Serviceability 
Limit State) requirements. The role of the foundation is to transfer all the loads from the 
superstructure ultimately to the ground and eventually to the soil grains in the vicinity of 
the foundation. Therefore, one of aims of this research is to study soil-structure interaction 
and element test of a soil.     
• Offshore Wind Turbines are relatively new structures with no track record of long term 
performance. It is therefore important to predict the long-term issues so that appropriate 
maintenance issues may be planned to reduce loss of revenue due to downtime. For 
example, a crack in a blade can lead to misalignment in the whole wind turbine leading to 
vibration. Replacement of a blade or maintenance can be expensive as it involves an 
offshore vessel and downtime of the turbine.  
• Role of a foundation is to transfer load to the surrounding soil safely (without failure or 
yielding) and without excessive deformation. The load transfer to the soil is dependent on 
the type of foundations and each foundation will apply different stresses to the soil. 
Furthermore, each of these apply different numbers of cycles of loads with a range of 
strain. Another objective of the thesis is to map the element test of the soil that can be 
helpful in predicting the long-term performance 
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Chapter 3: 
Scaled Model Testing 
The need for scaled model testing to understand SSI is highlighted is Chapter 2. The aim of the 
Chapter is to present the development of model testing apparatus to study various facets of 
Soil-Structure-Interaction. A new cyclic loading device is developed that has the capability to 
simulate complex loading experienced by the foundation in a scaled model. Furthermore, it will 
be shown that millions of cycles of load and wind-wave misalignment can also be applied. This 
loading device is economical, simple to use and scalable and therefore models of different 
scales can be tested. The test set-up can further be adapted to study fatigue type issues. 
3.1 Need for scaled model testing and the usefulness 
Foundations typically cost 25 to 35% of an overall offshore wind farm project and in order to 
reduce the LCOE (Levelised Cost of Energy) new innovative foundations are being proposed. 
However, before any new type of foundation can actually be used in a project, a thorough 
technology review is often carried out to de-risk it. European Commission defines this through 
TRL (Technology Readiness Level) presented in Table 3.1.  One of the early works that needs 
to be carried out is technology validation in the laboratory environment (TRL 4). In this context 
of foundations, it would mean carrying out tests to verify the long-term performance. It must 
be realised that it is very expensive and operationally challenging to validate in a relevant 
environment and therefore laboratory-based evaluation has to be robust so as to justify the 
next stages of investment. From the point of view of assessment of foundations, the main 
issues are:  
• Safe load transfer from the superstructure to the supporting ground  
• Long term change in dynamic characteristics and deformation.      
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Table 3.1: Definition of TRL 
TRL Level Remarks on the terminology 
TRL-1: Basic principles 
verified 
In this step, the requirement is to show that mechanics principles are obeyed. 
For example, in the case of foundation it must be checked whether the whole 
system is in equilibrium under the action of environmental loads i.e. load 
transfer (or flow of loads/forces) from the structure to supporting soil. 
TRL-2: Technology 
concept formulated 
In this step, it is necessary to think about the whole technology starting from 
fabrication to methods of installation and finally operation, maintenance and 
decommissioning. In this step, it is expected that method statements will be 
developed. 
TRL-3: Experimental proof 
of concept 
In this step, small scale models will be developed to verify steps in TRL 1 and 
TRL 2 and also develop confidence in the concept. In terms of foundation, this 
would correspond to checking the modes of failure in ULS (Ultimate Limit 
State), checking the modes of vibration. 
TRL-4: Technology 
validated in lab 
Once TRL -3 is satisfied and business decision is to go ahead, it is necessary to 
check the technology for further details. This may correspond to long term 
performance under millions of cycles of loading and checking the dynamic 
performance over the life time in relation to Fatigue Limit State (FLS). 
TRL-5 Technology 
validated in relevant 
environment 
Relevant environment may mean numerical simulation whereby close to 
reality analysis can be carried out. In the context of foundation, this step may 
use advanced soil constitutive models to verify the performance under 
extreme loading. 
TRL-6: Technology 
demonstrated in relevant 
environment 
In this step, a prototype foundation is constructed and tested in an offshore 
environment.  Critical aspects are verified. 
TRL-7: System prototype 
demonstration in 
operational environment 
In this step, the foundation is subjected to operational loads and the 
performance are monitored. 
TRL- 8: System complete 
and qualified 
Based on the results in TRL 7, the system can be classified as qualified or not-
qualified or changes are required. 
TRL -9: Actual system 
proven in operational 
environment 
Technology may be used in energy generation with contingency plans. 
3.2 Suitability on the different methods of testing 
Behaviour of offshore wind turbines involves complex Dynamic-Wind–Wave–Foundation–
Structure Interaction and the control system onboard the RNA adds further interaction. There 
is different established methodology, see Table 3.2 for carrying out testing for some part of 
the problem to a scientifically acceptable level:  
• Wind Tunnel can model the aerodynamics and aeroelasticity of the problem,  
• Wave tank can model the hydrodynamics part,  
• Geotechnical Centrifuge testing can Soil-Structure Interaction problem.  
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Table 3.2: Different forms of testing for offshore wind turbines 
Types of Testing Remarks on the understanding 
Wind Tunnel testing Blades can be tested to show the importance of profile 
Wave Tank Testing 
Wave tank of different forms can be used to study scour, hydrodynamic 
loading, tsunami. In this type of testing, the wave loads on the foundations 
can be understood. 
Geotechnical Centrifuge 
In a Geotechnical Centrifuge, the stress levels in a soil can be modelled as far 
as practicable. However, the whole model is spun at the high rate which 
created unwanted small vibrations. Therefore, the dynamics of the problem 
is difficult to study. 
Whole System 
modelling 
Small scale whole system modelling pioneered by Bhattacharya et al (2011) is 
one of the ways to study the overall system. This type of modelling was used 
to carry out TRL of SIWT (Self Installing Wind Turbine), a-symmetric tripod 
and details are provided in Bhattacharya et al (2013). As the system is tested 
in a stable floor, dynamics of the problem can be studied very well. 
In wind tunnel tests, aerodynamic effects are modelled efficiently and correctly (as far as 
practicable) and as a result the loads on the blade and towers can be simulated. On the other 
hand, in the wave tank the hydrodynamic loads on the sub-structure and scouring on the 
foundation can be modelled.  In a geotechnical centrifuge, one can model the stress level in 
the soil, but the model package is spun at a high RPM which will bring in unwanted vibrations 
in the small-scale model. Ideally, a tiny wind tunnel together with a tiny wave tank onboard a 
geotechnical centrifuge may serve the purpose, but this is not viable and will add more 
uncertainty to the models than it tries to unearth.  
It is often said that a model need not be more complex and often simple experiments can 
unearth the governing laws. In every type of experiments, there will be cases where the scaling 
laws/similitude relationships will not be satisfied (rather violated) and these must be 
recognized while analysing the test results. Therefore, results of scaled model tests for 
offshore wind turbine problems should not be extrapolated for prototype prediction through 
scaling factors. The tests must be carried out to identify trends and behaviours and upscaling 
must be carried out through laws of physics through numerically or analytically. Figure 3.1 
shows a suggested method for such purpose and also shows the usefulness of small-scale tests 
and its application in developing design methods.    
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Figure 3.1: Flowchart showing the usefulness of scaled laboratory testing  
Experimental Modelling of Dynamic 
Soil-Structure interaction of Offshore 
Wind Turbines
Understand the physics/mechanism of 
the problem and derive non-dimensional 
groups
Numerical or Analytical Modelling based 
on the understanding of the problem
Compare numerical/analytical with the 
experimental results and field case 
records (if available)
Do they agree?
Carry out parametric study on non-
dimensional groups at all scales and find 
the practical range of the different 
parameters
Design charts for practical use
YES
NO
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3.3 What are the requirements for small scale testing? 
The complexity of the loads is discussed in Chapter 2. Based on table 3.1, for TRL-4 level work, 
small scale tests are carried out in a well-controlled laboratory environment. For offshore wind 
turbine foundations, tests must be carried out for the following purposes: 
• Confirm and validate the mechanism of load transfer from superstructure to the ground 
through the foundation element. This is very important for a new concept of a foundation 
or a connection. For example, adding a circular plate around a pile may increase the bearing 
capacity and improve resistance to overturning. While this is a conjecture and it must be 
verified through testing. Furthermore, the long-term effects of the foundation under scour 
or cyclic loading must be verified.   
• As offshore wind turbines are dynamically sensitive structures, modes of vibration of the 
structures are very important. These can be carried out through free 
vibration/perturbation tests or a white noise testing. This is an important part of the 
validation process as modes of vibration can strongly influence the foundation design, 
fatigue life and wear and tear of the mechanical components in the RNA.    
• These foundations are subjected to hundreds of millions of cycles load which can be cyclic 
or dynamic in nature. Scaled model tests can reveal the expected trends of behaviour of 
the foundations due to cyclic and dynamic soil-structure interaction. One of the 
uncertainties are the long term non-recoverable tilt of the foundation. Excessive tilt may 
lead to shut down of the turbine due to loss of warranty.          
• The loads on a foundation are very complex and can be one-way cyclic or two-cyclic. The 
long-term effects of such one-way cyclic loading can be identified through scaled model 
tests.   
• Due to dynamic sensitivity, offshore wind turbines need damping. Trends and sources of 
damping can be identified through carefully designed scale model tests. 
Finally, to identify any “unknown-unknowns” for the problem under investigation through 
the tests. Experimental observations often unearth new design considerations. 
While the testing for technology verification of a new foundation is wide ranging, the aim of 
this thesis is to develop testing methods that can incorporate the interactions governing the 
long-term interactions.  As mentioned before, offshore wind turbines are a relatively new type 
of structure with limited track record of long-term performance. The main three long term 
design issues are:  
• Whether or not the foundation will tilt progressively under the combined action of millions 
of cycles of loads arising from the wind, wave and 1P (rotor frequency) and 2P/3P (blade 
passing frequency). If the foundation tilts more than the allowable, it may be considered 
failed based on SLS (Serviceability Limit State) criteria and may also lose the warranty from 
the turbine manufacturer. The loads acting on the foundation are typically one way cyclic 
and many of loads are also dynamic in nature.   
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• Repeated cyclic or dynamic loads on a soil causes a change in the properties which in turn 
can alter the stiffness of foundation. A wind turbine structure derives its stiffness from the 
support stiffness (i.e. the foundation) and any change in natural frequency may lead to the 
shift from the design/target value and as a result the system may get closer to the forcing 
frequencies. This issue is particularly problematic for soft-stiff design (i.e. the natural or 
resonant frequency of the whole system is placed between upper bound of 1P and the 
lower bound of 3P) as any increase or decrease in natural frequency will impinge on the 
forcing frequencies and may lead to unplanned resonance. This may lead to loss of years 
of service, which is to be avoided. 
• Predicting the long-term behaviour of the turbine taking into consideration wind and wave 
misalignment aspects.  
It is therefore essential to understand the mechanisms that causes the change in dynamic 
characteristics of the structure and if it can be predicted through analysis. An effective and 
economic way to study the behaviour (i.e. understanding the physics behind the real problem) 
is by conducting carefully and thoughtfully designed scaled model tests in laboratory 
conditions simulating (as far as realistically possible) the application of millions of cyclic lateral 
loading by preserving the similitude relations.  
One of aim of this thesis is to present an innovative cyclic loading device that can be used to 
carry out small scale testing whereby long-term performance of offshore turbines can be 
studied. It will be shown that this device is economic, scalable to different model scales and is 
able to replicate complex loads acting on an offshore wind turbine. Furthermore, the wind 
and wave misalignment can also be simulated.  
3.4 A short review of the model testing apparatus  
Based on the literature of physical modelling on wind turbine foundations and in the context 
of predicting foundation behaviour, the experimental test set-up can be classified as follows: 
• “Foundation only modelling” – referred to as Type-1 as shown schematically in Figure 3.2. 
In this modelling, cyclic loads (symmetric or asymmetric or a combination) can be applied. 
The limitation of this method is that the effects of vibration of the whole system (i.e. the 
effects of inertia) is not modelled. If we were to translate in the context and bring the 
understanding of soil mechanics, the small strain vibration is ignored. It is worth noting that 
resonance of offshore wind turbines under operational condition has been reported in the 
German North Sea projects, see Hui et al (2014) and clearly Type 1 system doesn’t attempt 
to simulate these. Therefore, care must be taken during interpretation of the test results.  
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Figure 3.2: Foundation only modelling (Type 1 technique) 
• “Whole system modelling with an actuator (attached with the model with rigid link)” – 
referred to as Type 2 as shown in Figure 3.3 Through this type of modelling, the inertia of 
the whole system is modelled and is an improvement from Type 1 technique. In this type, 
the actuator provides lateral stiffness to the overall system and the possible side effect is 
distorting the modes of vibration. Examples of this set up include Bhattacharya et al (2011), 
Lombardi et al (2013).  
 
Figure 3.3: Whole system model with an actuator connected to the model through a rigid link 
(Type 2 technique)  
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• “Whole system modelling with eccentric mass actuator” referred to as Type 3 as shown in 
Figure 3.3. The working principle of the eccentric mass actuator is a cyclic loading device 
and is based on unbalanced rotation of eccentric masses and is presented in more details 
in the next few sections.     
 
 
Figure 3.4: Whole System Modelling with eccentric mass actuator (Type 3 technique) 
3.5 Model testing apparatus for long term testing 
As discussed in Chapter 2, offshore wind turbine installation is unique type of structure due 
to their geometry (i.e. mass and stiffness distribution along the height) and the cyclic/dynamic 
loads acting on it. There are 4 main loadings on the offshore wind turbine: wind, wave, 1P and 
3P. It is also of interest to summarise to soil structure interaction issue for an offshore wind 
turbine. There are two main aspects related to cyclic loading conditions that have to be taken 
into account during design:  
(a) soil behaviour due to non-dynamic cyclic loading i.e. fatigue type problem and this is mainly 
attributable to wind loading which has a very low frequency;  
(b) soil behaviour due to dynamic loading which will cause dynamic amplification of the 
foundation response i.e. the resonance type problem. This is due mainly due to 1P and 3P 
loading but wave loading can also be dynamic for deeper waters and heavier turbines.   
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A breakdown of the overall problem of soil-structure interaction into two types of soil shearing 
is schematically represented in Figure 3.5. A model test needs to capture these behaviours. 
 
 
 
Figure 3.5:  Breakdown of Soil-Structure Interaction of Offshore Wind Turbines into two types 
of problems. 
 
Based on the discussion in the earlier section and the soil-structure interaction, scaled model 
testing under repetitive cyclic loading can be divided into two categories: 
• Modelling the behaviour of foundation under cyclic loading without considering the 
dynamics of the system i.e. fatigue type of problem as shown in Figure 3.5 (a).  
• Modelling the behaviour of foundations considering the dynamics of the system i.e. 
studying both fatigue type and resonance type of problem as seen in Figure 3.5(a) and 
Figure 3.5(b).  
Extensive research has been carried to study cyclic behaviour of foundation, see for example 
Leblanc (2009), Cox et al (2014) where few hundreds to tens of thousands of cyclic loads were 
applied and the dynamics of the whole system has been ignored i.e. 3.5(a) issues. However, 
to realistically study, long term performance of offshore turbines, apart from dynamic loads, 
wind and wave misalignment must also be simulated. In addition, millions of cycles of loading 
to mimic the life cycle of the wind turbine are to be applied.  
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3.5.1 Different levels of development of the apparatus 
In the course of the PhD studies, the set-up underwent through a series of adaptations at SAGE 
(Surrey Advanced Geotechnical Engineering) Lab and also used in other parts of the world. 
Table 3.3: Development of the apparatus 
Identification Remarks 
Mark -1: Only cyclic 
loading can be applied 
One double eccentric actuator is used, see Figure 3.6 (a) & 3.6 (b). Further 
details of the working principle are provided in Section 3.5 
Mark -2: Modelling of 
misalignment of wind and 
the wave 
In this model, two double eccentric actuators at attached two different 
locations. The concept is shown in Figure 3.3(c). Data from this apparatus is not 
related to this study and is presented in this table to show the wide-ranging 
applicability. 
Mark -3: Simulating one-
way cyclic loading 
As shown in Figure 2.19, the loading for a monopile can be one-way loading 
due to the combination of wind and wave loading. Figure 3.3(d) shows the 
schematic diagram and 3.3(e) shows an example application from a 
collaborative study with Zhejiang University (China). The data from this study is 
not directly part of this thesis and is produced here to show the applicability 
and scalability of the test setup. 
Mark-3: Fatigue modelling 
together with wireless 
communication of the 
data 
Here strains in the monopile are measured, and the data can be acquired 
wirelessly. This is not directly related to this study and is provided to show the 
adaptability and capability of studying various mechanisms. 
 
 
 
Figure 3.6(a): Schematic diagram of the cyclic loading apparatus 
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Figure 3.6(b): Example application of the testing apparatus for two types of foundations 
[Monopile and Twisted Jacket]  
 
Figure 3.6(c):  Configuration to study the wind-wave misalignment. 
 
CHAPTER 3: SCALED MODEL TESTING|59 
 
 
 
Figure 3.6(d): Schematic diagram to apply one-way cyclic loading through the combination of 
the load in the pulley and the cyclic loading apparatus 
 
 
 
Figure 3.6(e): Test set-up used in a collaborative study with Zhejiang University (China)   
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Figure 3.6(f): Test set-up to study the Fatigue Limit State in a collaborative study between 
University of Surrey and Nanjing University (China) 
 
 
Figure 3.6(g): Test set-up to study fatigue of monopile  
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3.6 Working principle of double acting actuator 
As discussed, this thesis presents an innovative device capable of applying cyclic as well 
dynamic loading to a wind turbine model and is described in the next section. This innovative 
cyclic loading system consists of two identical interlocking gears where masses can be 
attached, see Figure 3.7. The working principle of this cyclic loading device is based on the 
unbalanced rotation of eccentric masses and is presented schematically in Figure 3.8. This 
counter-rotating eccentric mass of equal magnitude is able to produce a unidirectional cyclic 
load in Y-axis only as the net force in X-axis is zero due to cancellation of the equal and 
opposite forces. In the case when the two masses mounted on the interlocking gears are not 
equal there will be a sinusoidal loading along two perpendicular directions (X and Y axis). The 
force resultants in X and Y axes for two cases when the masses are equal and unequal are 
presented in Figure 3.9. This loading system, along with all its components, can be seen in 
Figure 3.10. 
 
 
Figure 3.7:  Prototype cyclic loading device with all the components annotated 
 
Figure 3.8:  Working principle of the described loading device 
CHAPTER 3: SCALED MODEL TESTING|62 
 
 
 
 
Figure 3.9: Force resultants in X and Y axes when the masses are equal (top) and not 
(bottom) 
 
3.6.1 Typical details of the working principle 
It may be noted that the excitation force produced by this device is dependent on three 
variables:  
• mass of the weights attached to the gears (m),  
• the radius of the gears (r) and  
• the angular velocity of the gears (ω).  
The frequency (Hz) of the cyclic loading depends mainly on the angular velocity which can be 
easily controlled by the voltage (V) of the power supply. In order to control the force in Y axis, 
the appropriate masses should be attached to the rotating gears, considering the fact that the 
radius remains the same. Also, it is possible to change the frequency and the amplitude by just 
replacing the type and the diameter of the gears. Once the amplitude and the frequency of 
the cyclic loads are defined, the device is mounted on the tower to simulate the desired 
overturning moment at the level of the foundation.  
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In a typical offshore project, the largest contribution towards the overturning moment is due 
to the wind and the wave loads having different magnitude of overturning moment, frequency 
and also the number of cycles. A way to address this loading complexity in a scaled model 
tests is by attaching two of these eccentric mass actuators, one to represent each load 
(frequency and amplitude) and placing them at the correct height in order to produce the 
desired scaled bending moment at the base of the model. The result of such an arrangement 
would provide realistic results of the foundation’s long-term performance. Such a 
configuration is presented schematically in Figure 3.8, where the wind and the wave are acting 
along the same direction i.e. collinear. There can be loading scenarios, when the wind and the 
wave may not be aligned, and Figure 3.3(c) shows a possible configuration that can be used 
for experimental simulation.  
 
 
 
Figure 3.10:  Configuration of two actuators to represent separately wind and wave loads, 
when these are acting along the same direction. 
 
3.6.2 Salient features of the tests 
A rigid plastic container (1120mm x 920mm x 600mm) was used for many of the tests. The 
container was filled with Red Hill 110 Silica soil up to a depth of 400mm with relative density 
of 63%. The properties of the sand are given in Table 3.4.  
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A typical test procedure consists of the following: 
• Before any cyclic loading is applied, snap back test (also known as free vibration decay test) 
is performed to obtain the initial natural frequency and damping of the model;  
• Cyclic loading is then applied with a specified load amplitude and frequency by using the 
proposed device. After specified number of cycles, the actuator is switched off and snap 
back test is carried out 
Table 3.4: Properties of the Red Hill silica sand 
Material 
D50 
(mm) 
emin emax 
γdmin 
(kN/m3) 
γdmax 
(kN/m3) 
Cu Gs φ 
Redhill 
110 
0.12 0.547 1.037 12.76 16.80 1.63 2.65 36° 
 
SENSORS AND ACTUATORS USED IN THE MODEL TESTS: 
3-axis Accelerometer: 
As the name suggests, this type of sensor is used to measure the acceleration in all 3 axes. For 
the purpose of the testing procedure, custom accelerometers manufactured at SAGE Lab is 
used as described in Bhattacharya et al (2012). The MEMS accelerometer is based on the 
ADXL335 chip by Analogue Devices. This chip is a small 3-axis accelerometer, with a range of 
±3g, and it is powered by a 5V power supply. For the on-board filtering capacitors of 0.01μF 
will be used in order to set the frequency bandwidth up to 500Hz and the cut-off frequency 
to 50Hz. The overall size of the accelerometer is 25mm x 25mm x 25mm. This accelerometer 
can be seen in Figure 3.11. 
 
Figure 3.11: Schematics of the second accelerometer based on the ADXL335 chip. 
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Table 3.5: Specifications of the accelerometers 
Parameter ADXL335 chip 
Number of axis 3 
Measurement range ±3 g 
0g voltage min: 1.32  typ: 1.5 max: 1.65 V 
Operation voltage min: 1.8   typ: 3  max: 3.6 V 
Resolution infinite (analogue) 
Current 350 uA 
Output voltage min: 1.8  typ: 3 max: 3.6 mV/g 
Frequency bandwidth X and Y: 1600 Hz ,    Z: 550Hz 
Cut-off frequency depends on capacitors 
Resonant frequency 5.5 kHz 
Temperature range min: -40   max: +85  oC 
Sensitivity shift ±0.01 %/ oC 
3.7 Performance of the new apparatus in model testing 
The apparatus has been used to study different types of foundations where the long-term 
performance has been studied. Tests were carried out on monopile and Twisted Jacket where 
hundreds of thousands of cycles of loading were applied to study the long-term behaviour. In 
some cases, the modes of vibrations were also studied. This section of the chapter presents 
typical results and before any results are presented, it is necessary to discuss the scaling 
laws/similitude relationships. 
3.7.1 Similitude relations 
One of the first steps in any model tests is the derivation of scaling relationships. Earlier studies 
showed that the physical mechanisms control the behaviour in the long term are as follows:   
• The strain field in the soil around the foundation which will control the variation of soil 
stiffness and this is the central theme in Chapter 4. Bhattacharya et al (2012) showed that 
the cyclic stress ratio in the soil in the shear zone is also linked to the strain level.  
• The rate of soil loading which will influence the dissipation of pore water pressure i.e. if a 
soil testing needs to be drained or undrained. This is discussed in Chapter 5 while discussing 
the element testing. 
• The system dynamics i.e. the relative spacing of the system frequency and the loading 
frequency  
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• Bending strain in the monopile foundation for considering the non-linearity in the material 
of the pile which will influence the fatigue in the monopile foundation. This is 
recommended as future work. 
Table 3.7 summarises the relevant scaling laws necessary for plotting the test results.  
Table 3.7: Examples of similitude relationships 
Similitude 
category 
Example non-dimensional groups and physical meaning 
Dynamic 
Similarity 
(
𝑓𝑓
𝑓𝑛
) Relative spacing of the forcing frequencies (ff) and the natural frequencies of the 
system (fn). Often, relative spacing of the blade natural frequency and the overall natural 
frequency may need to be preserved to model the blade modes dynamics.  
Soil-Structure 
Interaction (SSI) 
similarity 
For monopile:  
(
𝑀
𝐺𝐷3
) where M is the overturning moment, G is the weighted average of the Shear 
Modulus of the supporting soil and D is the pile diameter. This non-dimensional group 
simulates strain field in the soil around the pile. Lombardi et al (2012) showed that this 
parameter also represents Cyclic Stress Ratio (CSR) in the shear zone i.e. ratio of shear 
stress to the vertical effective stress at a particular depth. This parameter can be linked 
to the well-known Modulus reduction curves and allow the scaling of results.   
Table 3.8 shows results from tests where wind and wave loads were aligned. The aim of this 
section is to show the use of non-dimensional framework discussed in Table 3.7 to present 
the data obtained from the scaled model tests. The test presented are summarised in the 
following table.  Table 3.9 shows the data from non-aligned tests and Figure 3.12 plots the 
data. It may be noted for the non-aligned tests, there are two strain levels in two orthogonal 
directions (X and Y). 
 
Table 3.8: Test results from a series of test where wind and wave loading were aligned  
Test 
Identifier 
(
𝑓𝑓
𝑓𝑛
) (
𝑀
𝐺𝐷3
) Remarks 
A-1 1.3 4.363 × 10−3 The tests were conducted to check the repeatability. 
These experiments were carried out to study one directional load 
i.e. here the Wind and Wave loads are aligned. 
A-2 1.3 4.181 × 10−3 
A-3 1.3 4.523 × 10−3 
 
Table 3.9: Test results from 90° degree Wind-Wave mis-aligned data (Non-Aligned)  
Test 
Identifier 
(
𝑓𝑓
𝑓𝑛
) 
(
𝑀
𝐺𝐷3
) in X 
direction 
(
𝑀
𝐺𝐷3
) in Y 
direction 
Remarks 
NA-1 0.85 1.291 × 10−3 3.426 × 10−3 The tests were conducted to check the 
repeatability. These experiments were carried 
out to study two directional load i.e. here the 
Wind and Wave loads are at an angle of 90 
degrees. 
N-2 0.85 1.907 × 10−3 4.09 × 10−3 
NA-3 0.85 2.016 × 10−3 5.926 × 10−3 
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Figure 3.12: Variation of normalised natural frequency with number of cycles.   
The results are presented in published paper and the papers are provided in Appendix.  The 
papers are listed below with the summary of the work done. 
 
List of papers: 
• Nikitas, G., Nathan J. Vimalan, and S. Bhattacharya. "An innovative cyclic loading 
device to study long term performance of offshore wind turbines." Soil Dynamics and 
Earthquake Engineering 82 (2016): 154-160. 
 
• Yu, L. Q., Wang, L. Z., Guo, Z., Bhattacharya, S., Nikitas, G., Li, L. L., & Xing, Y. L. (2015). 
Long-term dynamic behavior of monopile supported offshore wind turbines in 
sand. Theoretical and Applied Mechanics Letters, 5(2), 80-84. 
 
• Guo, Z., Yu, L., Wang, L., Bhattacharya, S., Nikitas, G., & Xing, Y. (2015). Model tests on 
the long-term dynamic performance of offshore wind turbines founded on monopiles 
in sand. Journal of Offshore Mechanics and Arctic Engineering, 137(4), 041902. 
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3.7.2 Interpretation of the Scaled Model tests and linking with SSI presented in chapter 4 
and the Element test results of the soil in Chapter 5. 
The scaled tests consistently showed that effects of cyclic loading is an increasing trend of 
natural frequency of the overall system. Same observation was also observed for Twisted 
Jacket foundation having different strain levels (
𝑀
𝐺𝐷3
).  
The most plausible explanation of the increase in natural frequency is the enhancement of 
stiffness of the foundation and that leads to the notion that soil around the pile stiffened. 
Chapter 5 presents data from element test where similar observations was observed at an 
elemental level. It is good to highlight that the soil used in the model tests were used to carry 
out element tests. Chapter 4 develops a method to estimate the strain level. This mechanism 
of stiffening of soil was further understood and verified through a theoretical study using DEM, 
see Cui et al (2018, 2019). Figure 3.13 shows the observation around the pile in scaled model 
tests and some subsidence is noted. This can be also related to the average vertical strain 
observed in Cyclic Simple Shear test discussed in Chapter 5.  
 
Figure 3.13: Observed subsidence of soil around the pile.  
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3.8 Modes of vibration understanding from scaled model tests 
Modes of vibration was also identified from free vibration-free decay tests. The modes of 
vibration depend on the combination of the foundation system (i.e. single foundation such as 
mono caisson or monopile or a group of piles or a seabed frame supported on multiple shallow 
foundations) and the superstructure stiffness. The fundamental modes of vibration can be 
mainly two types:  
• Sway-bending modes: This consists of flexible modes of the tower together with the 
top RNA (Rotor Nacelle Assembly) mass which is sway-bending mode of the tower. 
Effectively in these cases, the foundation is very stiff axially when compared with the 
tower and the tower vibrates and the foundation provides stiffness and damping.    
 
• Rocking modes: This occurs when the foundation is axially deformable (less stiff) and 
is typical of WTG supported on multiple shallow foundations. Rocking modes can be 
also coupled with flexible modes of the tower. However, this is not directly studied in 
this thesis.  
 
 
Figure 3.14. Modes of vibration for monopile supported wind turbines 
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Figure 3.15: Schematic diagram of modes of vibration for jacket structures supported on piles 
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Chapter 4: 
Soil-Structure Interaction 
Soil-Structure-Interaction (SSI) for offshore wind turbine supporting structures is essentially the 
interaction of the foundation/foundations with the supporting soil due to the complex set of 
loading. This chapter summarise the different aspects of observed SSI for different types of 
foundations used or proposed to support offshore wind turbines. Due to cyclic and dynamic 
nature of the loading that acts on the wind turbine structure, the dominant SSI will depend to 
a large extent on the global modes of vibration of the overall structure. This chapter 
summarises the modes of vibration of offshore wind turbines structures supported on different 
types of foundations based on observations from scaled model tests and supported by 
numerical analysis. As these are new structures with limited monitoring data, field records are 
scarce. Field records available in the public domain are also used to compare with the 
experimental findings 
4.1 Types of Soil-Structure Interaction 
Offshore wind turbines are dynamically sensitive structures and foundation plays an 
important role in their design. This section summarises the types of Soil-Structure Interaction 
(SSI) and in a simplistic way. Soil Structure interaction plays a key role in design calculations 
not only from the point of view of load-transfer from the foundation to the surrounding soil 
but also the stress levels in the soil. The wind and wave loads will change over time due to 
diurnal motion of the earth, seasonable variation and impacts of potential climate change. It 
is therefore necessary to predict the change in wave and wind conditions over the life time of 
the turbine and also due to possible climate change. Many of these were explored and 
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understood through scaled model testing as discussed in Chapter 3. For design purposes and 
for soil element test, the SSI can be classified as follows: 
• Load transfer mechanism from the foundation to the soil. Monopiles will load the soil very 
differently than jackets. For a monopile, the main interaction is lateral pile-soil interaction 
due to the overturning moment and the lateral load. On the other hand, for a jacket, the 
main interaction is the axial load transfer. Therefore, the SSI depends on the choice of 
foundation and essentially how the soil surrounding the pile is loaded. Here the soil test 
requirements are the ultimate strength.  
• Modes of vibration: The modes of vibrations are dependent on the types of foundations 
i.e. whether the foundation is a single shallow or a summation of few shallow foundations 
or a deep foundation. Essentially, if the foundation is very stiff – we expect sway bending 
modes i.e. flexible modes of the tower. On the other hand, WTG supported on less-
vertically-stiff shallow foundation will exhibit rocking modes as the fundamental modes. 
This will be low frequency and it is expected that there will be two closely spaced modes 
coinciding with the principle axes. Two closely spaced modes can create additional design 
issues: such as beating phenomenon which can have an impact in FLS (Fatigue Limit State).   
• Long term performance: While Item 1 and 2 above are important, this research focuses on 
long term performance of this relatively new type of structure. As discussed in Chapter 2, 
Soil-structure interaction can be cyclic as well as dynamic and will affect the following three 
main long-term design issues:  
• Whether or not the foundation will tilt progressively under the combined action of millions 
of cycles of loads arising from the wind, wave and 1P (rotor frequency) and 2P/3P (blade 
passing frequency). From Chapter 2, it is clear that the cyclic load is asymmetric which 
depends on the site condition i.e. relative wind and wave component. It must be mentioned 
that if the foundation tilts more than the allowable, it may be considered failed based on 
SLS (Serviceability Limit State) criteria and may also lose the warranty from the turbine 
manufacturer. 
• It is well known from the literature that repeated cyclic or dynamic loads on a soil causes 
change in the properties which in turn can alter the stiffness of foundation. A wind turbine 
structure derives its stiffness from the support stiffness (i.e. the foundation) and any 
change in natural frequency may lead to the shift from the design/target value and as a 
result the system may get closer to the forcing frequencies. This issue is particularly 
problematic for soft-stiff design (i.e. the natural or resonant frequency of the whole system 
is placed between upper bound of 1P and the lower bound of 3P) as any increase or 
decrease in natural frequency will impinge on the forcing frequencies and may lead to 
unplanned resonance. This may lead to loss of years of service, which is to be avoided. 
• Predicting the long-term behaviour of the turbine taking into consideration wind and wave 
misalignment aspects. Wind and wave loads may act in different directions. While the 
blowing wind creates the ocean waves and ideally, they should act collinearly. However 
due to operational requirements (i.e. to obtain steady power), the rotor often needs to 
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feather away from the predominant direction (yaw action) which creates wind-wave 
misalignment. 
4.2 SSI for monopile type of foundation  
Designing foundations for OWTs are challenging as these are dynamically sensitive structures 
in the sense that natural frequencies of these structures are very close to the forcing 
frequencies. A designer apart from predicting the global natural frequency of the structure, 
must also ensure that the overall natural frequency due to dynamic-soil-structure-interaction 
does not shift towards the forcing frequencies. Figure 4.9 shows a schematic diagram of a 
monopile supported wind turbines with the main loads acting on them. The figure also shows 
the characteristics of the mudline bending moment acting on the pile head.    
In shallow to medium deep waters, the wind thrust loading at the hub will produce the highest 
cyclic overturning moment at the mudline. However, the frequency of this loading is extremely 
low and is in the order of magnitude of 100s (see inset of Figure 2.29). Typical period of wind 
turbine structures being in the range of about 3 seconds, no resonance of structure due to 
wind turbulence is expected resulting in cyclic soil-structure interaction. On the other hand, 
the wave loading will also apply overturning moment at the mudline and the magnitude 
depends on water depth, significant wave height and peak wave period. Typical wave period 
will be in the order of 10sec (for North Sea) and will therefore have dynamic SSI. 
Cyclic overturning moments (typical frequency of 0.01Hz) due to lateral loads of the wind 
acting at the hub. This will be similar to a “fatigue type” problem for the soil and may lead to 
strain accumulation in the soil giving rise to progressive tilting. Due to wind and wave load 
misalignment, the problem can be bi-axial. Due to the proximity of the frequencies of 1P, 3P, 
wind, and wave loading to the natural frequency of the structure, resonance in the wind 
turbine system can be expected. This resonant dynamic bending moment will cause strain in 
the pile wall in the fore-aft direction which will be eventually be transferred to the soil next to 
it. This resonant type mechanism may lead to compaction of the soil in front and behind the 
pile (in the fore-aft direction).  
Deformation of the pile under the action of the loading described in Figure 4.9 will lead to 3-
dimensional soil-pile interaction as shown schematically in Figure 4.10. Simplistically, there 
would be two main interactions:  
• due to pile bending (which is cyclic in nature) and the bending strain in the pile will transfer 
(through contact friction) strain in the soil which will be cyclic in nature;  
• due to lateral deflection of the pile there will be strain developed in the soil around the 
pile.  
Figure 4.1 shows a simple methodology to estimate the levels of strains in a soil for the two 
types of interactions and is given by Equations 4.1 and 4.2. The average strain in the soil at 
any section in a pile due to deflection can be estimated using Bouzid et al (2013) as follows: 
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 𝛾 = 2.6
𝛿
𝐷𝑃
 (4.1) 
Where 𝛿 is the pile deflection at that section (for example A-A in Figure 4.10) and DP is the pile 
diameter. 
On the other hand, the shear strain in the soil next to the pile due to pile bending, can be 
estimated using equation 4.2. 
  𝛾1 =
𝑀×𝐷𝑃
2×𝐼×𝐸𝑃
 (4.2) 
Where M is the bending moment in the pile, I is the second moment of area of pile and EP is 
the Young’ Modulus of the pile material. It must be mentioned that equation 4.2 assumes that 
100% of the strain is transmitted to the soil which is a conservative assumption and calls for 
further study. In practice, this will be limited to the friction between the pile and the soil. 
 
Figure 4.1: Two types of soil-pile interaction on a monopile supported wind turbine  
4.3 Strain in the soil next to the pile for 12 Wind Farm sites 
It is of interest to obtain the strain levels in the soil for realistic scenarios.  While model tests 
are important to unearth mechanisms, it is necessary to link it with element tests of soil for 
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design purposes. One of the ways is to carry out lots of tests on soils for a wide range of strains, 
number of cycles and frequency but this will be not only time consuming, but many types of 
soil samples will be required. Therefore, in this thesis, the aim is to carry out intelligence based 
limited relevant tests. The intelligence is based on estimating the strain levels in the soil next 
to the pile for realistic cases and use the knowledge of element tests on predicting the long-
term performance. This is carried out by back-analysing data from 12 Wind Farms in Europe. 
4.5.1 Proposed methodology for strain calculation 
The strain in the soil in the vicinity of the pile is complex and the objective of this study is to 
find the order of magnitude of the strain levels for the mechanisms explained in Figure 4.1. 
The methodology therefore involves estimating bending moment (M), pile head deflection 
and shape of the bending moment diagram which will eventually allow us to predict the strain 
levels in the soil. The steps are therefore estimating the bending moment for varuous load 
cases and deflection. The estimation of deflection requires modelling approach. In a bid to 
develop a practical method of soil strain estimation, existing methods of loads and deflections 
are extended and adapated. The ground profile of the case studies are provided in Figure 4.2. 
The data used for the case studies are described in Table 4.1.   
Table 4.1: Details of the case studies (1-7) 
 Symbol 
[unit] 
Lely A2 Lely A3 
Irene 
Vorrink 
Irene 
Vorrink 
Kentish I 
Barrow 
II 
Thanet 
III 
Name 
Code 
- LLA2 LLA3 IV1 IV2 KF BAR THA 
Wind farm 
number 
- 1 2 3 3 4 5 6 
Reference 
turbulence 
intensity 
I15 [%] 18.0 18.0 18.0 18.0 18.0 18.0 18.0 
Rated 
wind 
speed 
UR [m/s] 14.0 14.0 14.0 14.0 15.0 15.0 15.0 
Rotor 
diameter 
D [m] 43.0 43.0 43.0 43.0 90.0 90.0 90.0 
Hub height 
above 
mean sea 
level 
zhub [m] 41.5 41.5 48.8 48.8 70.0 75.0 70.0 
Mean 
water 
depth 
S [m] 12.1 7.1 5.2 6.0 8.0 18.0 27.0 
50-year 
maximum 
wave 
height 
HS,50 [m] 5.1 3.0 2.2 2.5 3.4 7.5 11.3 
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50-year 
maximum 
wave 
period 
TS,50 [s] 8.0 6.1 5.2 5.6 6.5 9.7 11.9 
Monopile 
diameter 
DP [m] 3.2 3.7 3.515 3.515 4.3 4.75 4.7 
Monopile 
length 
LP [m] 13.9 20.9 24.6 24.6 29.5 40 30 
Monopile 
wall 
thickness 
tP [m] 0.035 0.035 0.035 0.035 0.045 0.060 0.065 
Moment 
resistance 
(from 
BNWF 
model) 
MR[MNm] 78 336 504 504 240 650 624 
Loading 
Ratio: 
Normal 
Operating 
Conditions 
Mmin/Mmax
[-] 
0.19 0.45 0.59 0.55 0.66 0.35 0.04 
Loading 
Ratio: 
Extreme 
Wave 
Load 
Scenario 
Mmin/Mmax
[-] 
-0.37 -0.097 0.15 0.08 0.26 -0.18 -0.47 
Loading 
Ratio: 
Extreme 
Wind Load 
Scenario 
Mmin/Mmax
[-] 
-0.17 -0.006 0.110 0.082 0.197 -0.032 -0.254 
 
Table 4.1: Details of the case studies (8-14) 
 Symbol 
[unit] 
Belwind 
IV 
Burbo 
Bank 
Walney I 
Gunfleet 
Sands 
Horns 
rev 
London 
Array 1 
London 
Array 2 
Name 
Code 
- BEL BB WAL GS HR LA1 LA2 
Wind farm 
number 
- 7 8 9 10 11 12 12 
Reference 
turbulence 
intensity 
I15 [%] 18.0 18.0 18.0 18.0 18.0 18.0 18.0 
Rated 
wind 
speed 
UR [m/s] 15.0 14.0 14.0 14.0 16.0 12.5 12.5 
Rotor 
diameter 
D [m] 90.0 107.0 107.0 107.0 80.0 120.0 120.0 
Hub height 
above 
mean sea 
level 
zhub [m] 72.0 83.5 83.5 75.5 70.0 87.0 87.0 
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Mean 
water 
depth 
S [m] 20.0 8.0 21.5 15 14.0 25.0 10.0 
50-year 
maximum 
wave 
height 
HS,50 [m] 8.4 3.4 9.0 6.3 5.9 10.5 4.2 
50-year 
maximum 
wave 
period 
TS,50 [s] 10.3 6.5 10.6 8.9 8.6 11.5 7.3 
Monopile 
diameter 
DP [m] 5 4.7 6 5 4 5.7 4.7 
Monopile 
length 
LP [m] 35 24 30 38 25 30 35 
Monopile 
wall 
thickness 
tP [m] 0.050 0.075 0.080 0.050 0.050 0.075 0.065 
Moment 
resistance 
(from 
BNWF 
model) 
MR[MNm] 1120 427 1240 757 510 705 760 
Loading 
Ratio: 
Normal 
Operating 
Conditions 
Mmin/Mmax
[-] 
0.24 0.68 0.201 0.48 0.49 0.18 0.63 
Loading 
Ratio: 
Extreme 
Wave 
Load 
Scenario 
Mmin/Mmax
[-] 
-0.31 0.33 -0.33 -0.009 0.007 -0.351 0.26 
Loading 
Ratio: 
Extreme 
Wind Load 
Scenario 
Mmin/Mmax
[-] 
-0.116 0.204 -0.134 0.067 0.08 -0.145 0.169 
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Figure 4.2: Ground Profile of the 12 Wind Turbine cases 
Step 1: Estimation of bending moments in the pile 
In Chapter 2,  the formulation required in order to calculate the loads for all the different load 
cases is provided. By having the loads, the overal bending moments in the pile is calculated. 
Step 2: Predicting the deflection profile of the pile 
Once the pile head moment and loads are obtained, suitable models may be used to predict 
the deflection pattern. Figure 4.3 shows the model used in this study as this is industry 
standard. For the case studies shown in Figure 4.3 and for the data in Table 4.1, analysis has 
been carried out in PYGM software to find the find the deflection and mode shapes. The soil 
properties used is shown in Table  
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Figure 4.3: Beam on Non-linear Winkler foundation model 
 
Table 4.2: Soil parameters assumed for typical sandy soils in p-y analysis 
Sand p-y parameters Very loose Loose Medium Dense Very dense 
Friction angle (φ') 28 30 33 38 40 
Effective unit weight (γ' [kN/m3]) 6 7 8 9 10 
Relative density (Rd) 15 20 40 60 80 
Initial stiffness gradient (k) 3000 8000 16000 30000 40000 
 
 
Table 4.3: Soil parameters assumed for typical clayey soils in p-y analysis 
Clay p-y parameters Soft Firm Stiff Very stiff Hard 
Undrained shear strength (cu) 25 50 100 200 400 
J parameter [-] 0.25 0.25 0.25 0.25 0.25 
Strain, 50% failure stress (ε50[-]) 0.007 0.006 0.005 0.004 0.003 
Effective unit weight (γ' [kN/m3]) 7 8 9 10 12 
Young's modulus (ES [MPa]) 1.25 2.5 5 10 20 
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P-y analysis is carried out using the PYGM software, and the following models are used: 
• API sand model for loose, medium, dense and very dense sand, 
 
𝑝(𝑧) = 𝐴𝑝𝑢 tanh (
𝑘|𝑧|𝑦
𝐴𝑝𝑢𝐷𝑃
) 
where  
𝑝(z) lateral pressure at depth z below mudline, 
𝐴 factor 𝐴 = 0.9 for cyclic load, 𝐴 = (3.0 − 0.8|𝑧|/𝐷𝑃) ≥ 0.9 for static loading, 
𝑝𝑢 ultimate bearing pressure at depth z, 
𝑘 gradient of initial modulus of subgrade reaction with depth (kPa/m), 
𝑦 lateral displacement at depth 𝑧, 
𝑧 depth below mudline (negative downwards), 
𝐷𝑃 pile diameter. 
The ultimate bearing pressure can be expressed as  
𝑝𝑢,𝑠ℎ𝑎𝑙𝑙𝑜𝑤 =
(𝐶1|𝑧| + 𝐶2𝐷𝑃)
𝐷𝑃
𝜎𝑣
′  
𝑝𝑢,𝑑𝑒𝑒𝑝 = 𝐶3𝜎𝑣
′  
where 
𝜎𝑣
′  is the vertical effective stress at depth z, 
𝐶1 constant, function of internal angle of friction, 𝐶1 = 0.115 ∙ 10
0.0405𝜙, 
𝐶2 constant, function of internal angle of friction, 𝐶2 = 0.571 ∙ 10
0.022𝜙, 
𝐶3 constant, function of internal angle of friction, 𝐶3 = 0.646 ∙ 10
0.0555𝜙 
• API soft clay formulation for soft clay and silt, 
Table 4.4: Coordinate points for API soft clay static loading criterion. 
𝒑/𝒑𝒖 𝒚/𝒚𝒄 
0 0 
0.5 1.0 
0.72 3.0 
1.0 8.0 
1.0 ∞ 
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The ultimate lateral pressure can be expressed as 
𝑝𝑢 = 3𝑠𝑢 + 𝜎𝑣
′ + 𝐽
𝑠𝑢|𝑧|
𝐷𝑃
 
𝑝𝑢 = 9𝑠𝑢 for 𝑥 ≥ 𝑋𝑅 
where 
𝑠𝑢 is the undrained shear strength, 
𝐽 is a dimensionless empirical constant, values range from 0.25-0.5, conservatively taken 
as 0.25 
𝑋𝑅 depth from soil surface to the bottom of a zone of reduced resistance, 𝑋𝑅 =
6𝐷𝑃
𝛾𝐷𝑃
𝑠𝑢
+𝐽
 
𝛾𝑐 2.5𝜀50𝐷𝑃 
𝜀50 strain which occurs at 50% of the failure stress in undrained compression test. 
Details can be found in API(1993) 
 
• Dunnavant & O’Neill (1989) [] formulation for firm, stiff, very stiff and hard clays. 
𝑝 = 1.02𝑝𝑢 𝑡𝑎𝑛ℎ [0.537 (
𝑦
𝑦50
)
0.7
] for 𝑦 ≤ 8𝑦50 
𝑝 = 𝑝𝑢 for 𝑦 > 8𝑦50 
where 
𝑝𝑢 = 𝑁𝑝𝑠𝑢𝐷𝑃 
𝑁𝑃 = 2 +
𝜎𝑣
′
𝑠𝑢,𝑎𝑣
+ 0.4
|𝑧|
𝐷𝑃
≤ 9 
𝜎𝑣
′  vertical effective stress at depth z, 
𝑠𝑢,𝑎𝑣 average undrained shear strength from the sufrace to the current depth, 
𝑦50 = 0.0063𝜀50𝐷𝑃(𝐾𝑅)
−0.875 
𝐾𝑅 =
𝐸𝑃𝐼𝑃
𝐸𝑆𝐿𝑃
4  with 𝐿𝑃 ≤ 3𝐷𝑃 (
𝐸𝑃𝐼𝑃
𝐸𝑆𝐷4
)
0.286
 
𝐸𝑆 strength-correlated soil modulus, 
𝐿𝑃 pile length 
Step 3: Estimation of the strain levels in the soil 
One of the challenges in carrying out Site & Ground Investigation is to specify the soil testing 
necessary. The above p-y type analysis is applied to carry out the following calculations: 
• the maximum bending moment in the pile 𝑀𝑚 due to the five load cases (I-V), 
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• the total deflection 𝜌 caused by the five load cases (I-V), and 
• the total rotation (tilt) 𝜃 caused by the five load cases (I-V). 
 
Then from these the vertical pile wall strain is determined as 
𝜀 =
𝑀𝑚𝐷𝑃
2𝐸𝑃𝐼𝑃
 
where  
𝐸𝑃𝐼𝑃 is the bending stiffness of the pile, and 
𝐷𝑃 is the pile diameter. 
 
As discussed, the maximum strain caused by the highest deflection 𝜌𝑚 is found following  
𝛾 = 2.6
𝜌𝑚
𝐷𝑃
 
Based on the analysis, figures 4.4 to 4.7 provides an estimate of the strain level in the soil 
along the depth. The vertical axis is normlised to the pile length so that all the case studies can 
be plotted in one graph. 
 
Figure 4.4: Pile Wall strain (assumed same for soil strain) for extreme load case 
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Figure 4.5: Pile wall strain (assumed same as soil strain) for normal operating condition 
 
Figure 4.6: Strain in the soil next to the pile for extreme load cases 
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Figure 4.7: Strain in the soil along the depth of the pile for normal operation 
4.4 Design of element tests of soil 
The analysis of case studies provides an estimate of strain levels in the soil due to Soil-
Structure Interaction. The study shows the strain in the soil in the shear zone i.e. mobilised 
zone of ground around the pile. It may be noted that the strain amplitude varies not only with 
depth but also with the loading i.e. extreme condition or normal condition. In other words, if 
there is a storm (i.e  extreme loading) the strains in the soil will increase and this will be 
cyclic/dynamic loading during the period of the storm and these are shown in Figure 4.4 and 
4.6. On the other hand, under operating condition (referred to in the figure as normal 
condition), the strain is lower. Figure 4.8 provides a conceptual diagram of the problem and 
three zones are identified: Zone A, Zone B and Zone C. In reality, depending on the complexity 
of the ground condition, one may more than three zones. As noted in the figure, each of these 
zones have distinct characteristics in terms of confinement, density and the shear strain 
applied by the foundation. In any element testing, to prepare the sample the independent 
parameters are density of the soil and the confinement stress. The variable applied in an 
element tetsing are the strain levels and number of cycles. Therefore Chapter 5 explores 
general behaviour of soil under the action of number of cycles and developes a framework of 
undertanding of this complex SSI problem.          
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Figure 4.8: Conceptual diagram of strain levels in the soil
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Chapter 5: 
Soil Element Testing 
This chapter reviews element testing of soils with an emphasis on their cyclic behaviour under 
drained conditions. First it describes all the different types of apparatus needed to evaluate 
some important parameters, such as stiffness of a soil, within a wide range of strains. However, 
what really governs the SSI and usually is overlooked is the change of the soil stiffness with the 
number of loading cycles. Consequently, this chapter presents test results from laboratory 
testing and tries to enhance the understanding of SSI of offshore wind turbines and assess the 
long-term behaviour of these structures. 
5.1 Importance of laboratory testing of soils 
Laboratory testing is extremely important for soil mechanics and civil engineering research. 
Most of the knowledge relevant to the behaviour of different types of soil so far, has been 
gained from the analyses on data that have been gathered mainly by laboratory testing. The 
main purposes for conducting laboratory tests on soils are (Head, 1980): 
• Classification of a particular soil, in order to identify and categorise the soil and predict the 
overall behaviour. 
• Determination of engineering properties, such as permeability, shear strength, stiffness 
etc., in order to use them as design parameters in geotechnical analyses. 
• Investigation of the basic mechanical behaviour of soils, for developing soil behaviour 
theories. 
The laboratory tests are conducted on samples of soils that can be either undisturbed or 
reconstituted. Intact samples are taken from the ground of interest, with the minimum 
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possible disturbance in order to retain the in-situ properties. On the other hand, the 
reconstituted samples are made by mixing the soil with the appropriate water content and 
then reconsolidating it to recreate the stress history. During the reconstitution of the sample, 
any arrangements in the soil’s structure created due to ageing and deposition are removed 
and therefore, this kind of sample just describes the basic properties and behaviour of the 
kind of soil used. By comparing both types of samples, unusual or unexpected behaviour of in-
situ soil can be predicted (Head, 1980). 
5.2 Testing for assessing shear modulus of soil 
is the most important parameter to be considered in the design of the foundations of offshore 
wind turbines is the Shear Modulus (G) of a soil. Soils exhibit a non-linear stress-strain 
behaviour and therefore the estimation of these parameters rely mainly on carefully 
controlled laboratory testing. In order to obtain the stiffness of a soil for a range of shear strain 
(i.e. very small strain until the soil fails) different techniques should be used depending upon 
the shear strain level. At very small strain (i.e. below 0.0001% shear strain), soils exhibit a 
linear elastic behaviour and exhibit their maximum stiffness. The estimation of the maximum 
stiffness can be achieved by the use of Bender Element or Resonant Column (RC). As the strain 
level increases, the non-linear behaviour gets more evident and before soil gets fully plastic 
(i.e. at about 0.1% shear strain), Resonant Column is the most appropriate test to acquire the 
shear modulus. From 0.1% shear strain and up to the soil failure there are numerous testing 
procedures to acquire the dynamic properties of the soil, such as the Cyclic Triaxial and the 
Cyclic Simple Shear (CSS) tests. The combination of different methods to estimate the stiffness 
of a soil for small and large strains is essential if someone considers that the strain levels for 
most common engineering applications can vary from 0.01% up to 1%. The dividing boundary 
of small and large strain, along with the experiments selected for the current study is shown 
in Figure 5.1 and this method is also recommended for practical applications.  
 
Figure 5.1: Strain ranges for measurement of soil stiffness for the current study 
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In order to obtain Shear modulus values at various strain levels, a series of Bender Element 
(BE) tests, Resonant Column (RC) tests and Cyclic Simple Shear (CSS) tests have been 
conducted at the Surrey Advanced Geotechnical Engineering (SAGE) laboratory, University of 
Surrey, UK. The tests were performed on dry sand samples under drained conditions. A brief 
description of each testing procedure is given in the following sections. 
5.2.1 Bender Element Test 
The bender element test is based on the shear wave propagation through a cylindrical soil 
sample and it has been widely used since its introduction by Shirley and Hampton (1978). As 
bender element is referred the piezo-electrical transducer that either bends as voltage is 
applied or generates voltage as it bends. Two of these elements are attached at both ends of 
a soil specimen, top and bottom. One of them is acting as a transmitter and the other one as 
a receiver. The transmitter element is charged with an electrical signal and therefore it bends. 
This way a shear wave is created and propagates through the soil mass. When the wave 
reaches the receiver, an electrical signal is. The transmitted and received waves are captured 
and based on them the time needed for the wave to propagate is calculated, and therefore 
the shear wave velocity and the shear modulus. The experimental setup along with the loading 
conditions on the soil sample has been demonstrated in Figure 5.2. 
 
Figure 5.2: Experimental setup for Bender Element test 
5.2.2 Resonant Column Test 
The working principle of the Resonant Column test is based on the theory of wave propagation 
in prismatic rods (Richart et al., 1970). During this test, torsional sinusoidal vibrations are 
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applied on the top of a cylindrical soil sample with fixed base, while it is also subjected to an 
all-around confining stress. The amplitude of the vibration corresponds to a certain strain level 
and the frequency varies until the soil sample vibrates to its first mode i.e. 
fundamental/resonant frequency. Using this resonant frequency, the shear wave velocity (Vs) 
and corresponding shear modulus (G) of the sample is determined using wave propagation 
theory. For that specific strain level, the corresponding damping ratio (D) is evaluated as per 
the specifications of ASTM D 4015 [17]. The experimental setup along with the loading 
conditions on the soil sample has been demonstrated in Figure 5.3. 
 
Figure 5.3: Experimental setup for Resonant Column test 
5.2.3 Cyclic Simple Shear Test 
In a Cyclic Simple Shear (CSS) test a cylindrical soil sample is constrained vertically between 
two parallel platens and laterally by placing the sample inside stacked aluminium confining 
rings. These constrains make sure that the cross-sectional area of the sample remains constant 
throughout the test. In order to apply confining pressure, the specimen is loaded vertically 
and consolidates one-dimensionally, by using a linear electro-mechanical actuator which is 
mounted vertically. When consolidation of the sample is over and there is no further vertical 
displacement, the specimen is sheared by moving the bottom platen relatively to the top 
platen, which is fixed. For applying a cyclic horizontal load, a second linear actuator is used 
horizontally. Through the stress-strain loops obtained by the apparatus, the secant shear 
modulus and the damping ratio can be calculated. The CSS experimental setup and the loading 
conditions are graphically presented in Fig. 8. 
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Figure 5.4: Experimental setup for Cyclic Simple Shear test 
5.3 Experimental details 
The main purpose of the experimental procedure shown in this chapter, is to assess the full 
shear modulus curve, from very low strain up to high strain. Additionally, there is a parametric 
study on how the stiffness of the soil is changing with the application of loading cycles, which 
is applicable to the wind turbine foundation case. The results from all the different types of 
testing are categorized in the following sections: 
• maximum shear modulus (Gmax) 
• shear modulus – shear strain curves 
• shear modulus behaviour under cyclic loading 
The tests were performed on dry sand samples under drained conditions. More details on the 
sand used and the experimental programme followed are given below: 
5.3.1 Material used 
The sand that was used for the tests presented in this research is Redhill 110 sand. The physical 
properties of the specific sand are listed in Table 5.1. Redhill 110 sand is a fine-grained silica 
type of sand with an average particle size around 120μm. A soil typically consists of particles 
with different sizes and shapes. The gradation of a soil is probably the most important factor 
that defines the behaviour of the soil, because it can affect important engineering properties 
of a soil such as the density, permeability and shear strength. In order to acquire the gradation 
of Redhill 110 sand, sieve analysis according to the ASTM D6913 standards was done. Figure 
5.5 shows the particle size distribution curve of Redhill 110 sand. 
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Table 5.1:  Physical properties of Redhill 110 sand 
Material 
D50 
(mm) 
emin emax 
γdmin 
(kN/m3) 
γdmax 
(kN/m3) 
Cu Gs φ 
Redhill 
110 
0.12 0.547 1.037 12.76 16.80 1.63 2.65 36° 
 
Figure 5.5: Particle size distribution for Redhill 110 sand 
5.3.2 Experimental programme 
For this study, three types of tests were conducted: Bender Element, Resonant Column and 
Cyclic Simple Shear. For the Bender Element tests, a triaxial apparatus was used with the 
bender elements attached at the pedestal and the top cap. The apparatus was manufactured 
by VJTech. Regarding the testing, cylindrical specimens of dry sand with 50 mm diameter and 
100 mm height were prepared having different relative densities (25%, 50% and 65%) and 
were tested under drained conditions. The experimental conditions for the Bender Element 
tests are reported in Table 5.2. 
For the Resonant Column tests, a fixed-free configuration developed by GDS Instruments was 
used. Regarding the testing, cylindrical specimens of dry sand with 50 mm diameter and 100 
mm height were prepared in three different relative densities (50%, 65% and 85%) were tested 
under drained conditions. The experimental conditions for the Resonant Column tests are 
reported in Table 5.3. 
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For the Cyclic Simple Shear tests, an apparatus developed by VJ Tech (UK) was used. More 
specifically cylindrical specimens of dry sand with 50 mm diameter and 25 mm height were 
prepared. A medium relative density has been selected for both soils keeping in mind that at 
higher strains effect of relative density is negligible [Kokusho et al., 1980; Katayama et al. 1986 
Ishihara et al., 1996; Sitharamet al., 2010]. The test methodology adopted by Nikitas et al., 
2017 and Cui et al. 2017 has been adopted for CSS tests. The experimental conditions are 
reported in Table 5.4. 
Table 5.2:  Experimental programme for Bender Element testing 
Test type No. Relative Density, Rd (%) Confining Stress (kPa) 
Be
nd
er
 E
le
m
en
t 
1 25%, 50 
2 25%, 100 
3 25%, 200 
4 50%, 50 
5 50%, 100 
6 50%, 200 
7 85%, 50 
8 85%, 100 
9 85%, 200 
 
Table 5.3:  Experimental programme for Resonant Column testing 
Test type No. Relative Density, Rd (%) Confining Stress (kPa) 
Re
so
na
nt
 C
ol
um
n 
10 45%, 50 
11 45%, 100 
12 45%, 200 
13 45%, 300 
14 65%, 50 
15 65%, 100 
16 65%, 200 
17 65%, 300 
18 85%, 50 
19 85%, 100 
20 85%, 200 
21 85%, 300 
 
Table 5.4:  Experimental programme for Cyclic Simple Shear testing 
Test type No. 
Relative Density, 
Rd (%) 
Shear Strain 
(%) 
Vertical Stress 
(kPa) 
Frequency 
(Hz) 
No Cycles 
Cy
cl
ic
 S
im
pl
e 
Sh
ea
r 
22 65% 0.1% 50 0.1 10 
23 65% 0.1% 100 0.1 10 
24 65% 0.1% 200 0.1 10 
25 65% 0.1% 300 0.1 10 
26 65% 0.5% 50 0.1 10 
27 65% 0.5% 100 0.1 10 
28 65% 0.5% 200 0.1 10 
29 65% 0.5% 300 0.1 10 
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30 65% 1% 50 0.1 10 
31 65% 1% 100 0.1 10 
32 65% 1% 200 0.1 10 
33 65% 1% 300 0.1 10 
34 65% 5% 50 0.1 10 
35 65% 5% 100 0.1 10 
36 65% 5% 200 0.1 10 
37 65% 5% 300 0.1 10 
38 50% 0.1% 100 0.5 50000 
39 50% 0.2% 100 0.5 50000 
40 50% 0.3% 100 0.5 50000 
41 50% 0.4% 100 0.5 50000 
42 50% 0.5% 100 0.5 50000 
43 50% 0.2% 25 0.5 50000 
44 50% 0.2% 50 0.5 50000 
45 50% 0.2% 200 0.5 50000 
46 25% 0.2% 100 0.5 50000 
 47 75% 0.2% 100 0.5 50000 
5.4 Determination of Gmax 
The small-strain, elastic shear modulus (Gmax) of soils is an important parameter in the design 
of wind turbine foundations, and in soil dynamic problems in general. The importance of Gmax 
has also been emphasized even in static deformational analyses of geotechnical problems 
(Burland et al. 1977). Several techniques can be used to measure Gmax in the laboratory, such 
as Bender Element testing and Resonant Column testing. 
This section presents data from Bender Element and Resonant Column tests, which were used 
to assess the Gmax. A parametric study is conducted in order to establish a better 
understanding on how the relative density and the effective confining stress can influence the 
shear modulus. The values of maximum shear modulus for both tests are reported in Table 
5.5. It can be observed that the Gmax value increases significantly with increase in effective 
confining pressure (𝜎𝑚
′ ) at all relative densities tested. These values have been fitted by 
regression analysis based on the relationship proposed by Hardin and Richart [25], which is as 
follows: 
 𝐺𝑚𝑎𝑥 = 𝐴 𝐹(𝑒) 𝜎𝑚
′ 𝑛 (5.1) 
where Gmax is the maximum shear modulus, 𝜎𝑚
′  is the effective confining pressure, A is a 
coefficient based on the soil type, n is the stress exponent and 𝐹(𝑒) is a function of void ratio 
(e) 
The results of the regression analysis are presented in Table 5.6. It has been observed that the 
laboratory values of shear modulus fitted well with the relationship proposed by Hardin and 
Richart [25] with high values of coefficient of determination (R2). These equations of Gmax in 
in relation to void ratio (e) and effective confining stress (𝜎𝑚
′ ) can be useful in estimating 
stiffness values in absence of field data. The surface expression of the equations formed by 
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the analysis, are presented in Figure 5.6. In these graphs the void ratio is expressed to the 
corresponding relative density. It can be observed that the Gmax value increases significantly 
with increase in effective confining pressure (𝜎𝑚
′ ) and increase in density. More specifically, 
the influence of confining stress to the shear modulus is greater as the density increases and 
similarly the influence of relative density is more significant at higher effective stress. 
Table 5.6: Gmax values for Redhill sand for both test procedures 
Test type 
Relative density 
(%), Rd 
Maximum shear modulus (MPa) at various 𝛔𝐦
′  (kPa) 
50kPa 100kPa 200kPa 
Resonant 
Column 
50 53 76 101 
65 63 85 133 
85 75 96 145 
Bender 
Element 
25 54 67 91 
50 58 87 116 
65 65 91 135 
 
Table 5.7:  Results of regression analysis on Gmax values for both test procedures 
Test type F(e) Coefficient A n R2 
Resonant Column e-1.607 5348 0.5148 0.972 
Bender Element e-1.931 6291 0.484 0.985 
   
Figure 5.6: Gmax plot against density and confining stress for both test procedures 
The comparison of the formula data with the experimental data for both tests, is giving a good 
match as it was shown by the coefficient of determination (R2), as it was shown by the 
regression analysis. As both tests are actually aiming for the same thing (assess the Gmax) it 
is important to compare the two methods. This comparison will be based on their surface 
equation results and not on the actual test data. It seems that the Bender Element test is 
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giving higher values of Gmax compared to the Resonant Column, especially at higher confining 
stresses. This difference can be attributed to the nature of the Bender Element test which 
applies less stresses on the soil specimen during testing. Figure 5.6 presents the comparison 
of the formula data with the experimental data for both tests (left) and the comparison of 
Bender Element and Resonant Column formula results (right). 
   
Figure 5.6: Comparison of Formula values against Test values for both test types 
5.5 Shear modulus curves 
As the shear strain level is increased, the shear modulus reduces. For the current case and 
based on the Resonant Column tests, from shear strain of 0.0001% up to 0.001% the shear 
modulus values mostly remain the same, which is an indication that the soil is in the elastic 
region. From about 0.001% and upwards, the soil begins to exhibit a non-linear stress-strain 
behaviour, leading to a decrease in the shear modulus. Nonetheless, it can be noticed that the 
trends shown for Gmax are also valid at higher shear strains and the shear modulus at certain 
strain level can be calculated by using the Hardin and Richart equation. By performing a similar 
regression analysis as before, the equations at different shear strains are calculated with high 
values of coefficient of determination (R2). The equation parameters calculated by regression 
analysis, are presented in Table 5.8. The actual test results are shown along with the calculated 
results in Figure 5.7.  
Table 5.8: Results of regression analysis on G at different strain levels 
Shear strain 0.001% Shear strain 0.01% 
F(e) Coefficient A n R2 F(e) Coefficient A n R2 
e-1.618 5329 0.5143 0.979 e-1.564 3909 0.5572 0.986 
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Figure 5.7: Variation of G with confining pressure at 0.001% and 0.01% shear strains 
As with Resonant Column tests, the main objective of Cyclic Simple Shear tests is to obtain the 
stiffness of the sand specimens at different strain levels. This was done in order to synthesize 
the shear modulus for large strains. All the test results are within the range of 0.1% to 5% 
shear strain. A parametric study is also conducted in order to establish a better understanding 
on how the confining stress. The effect of relative density has not been investigated in this 
experimental programme as at high strains levels the stiffness of the soil is not sensitive to 
relative density.  
Cyclic simple shear tests were conducted at various shear strain levels (0.1, 0.5, 1 and 5% 
strain) at different confining stresses (50, 100, 200 and 300kPa) for 10 loading cycles. The 
relative densities were very kept similar for all the tests for comparison. The values of shear 
modulus have been calculated at the end of the first loading cycle and are reported in Table 
10. As expected, based on the small strain results, the confining stress has a significant impact 
on the soil stiffness and more specifically, the stiffness increases with increasing confining 
pressure. 
Table 5.9: G values for the end of first loading cycle using Simple Shear 
Test Type Shear strain (%) 
Maximum shear modulus (MPa) at various 𝛔𝐦
′  (kPa) 
50 100 200 300 
Cyclic Simple 
Shear 
0.1% 22.0 31.2 41.6 50.8 
0.5% 7.0 14.6 25.6 37.0 
1% 4.0 8.6 14.3 20.2 
5% 1.6 2.7 5.3 7.8 
 
The G/Gmax-γ and D-γ curves proposed by Seed and Idriss, 1970 and Darendeli 2001 are 
widely accepted and used in geotechnics. Seed and Idriss developed the modulus and damping 
curves by collating the experimental data and fitting it with the single parameter (reference 
shear strain) in the hyperbolic model while Darendeli utilized two parameters (reference shear 
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strain and curvature coefficient) to properly fit the experimental data. However, Seed and 
Idriss curves provided only the ranges (upper, lower and mean range) without distinguishing 
them for various confining pressures. On the other hand, Darendeli provided curves for 
different confining pressures (25 kPa, 100 kPa, 400 kPa and 1600 kPa) for soils of varying 
plasticity and over-consolidation ratio. The comparison of our experimental data has revealed 
a significant deviation in both soils from the standard curves (as shown in Figure 5.8 and Figure 
5.9) and needs a distinct range of values and hence, regression analysis of the data is 
performed to identify the best fit curves. 
The nonlinear behaviour of shear modulus of soil along with shear strain (γ) was first studied 
by Hardin and Drnevich, 1972. They proposed the well-known hyperbolic model relating shear 
stress to Gmax and γ which was further modified by Darendeli. The modified hyperbolic model 
is very simple and based on large scale laboratory testing on stress-strain behaviour of soil. 
Darendeli introduced a reference strain into the model which is basically the strain value at 
50% degradation of shear modulus. The modified hyperbolic model forms the basis for the 
various state of the art ground response analysis software. The same model has been used for 
fitting the results of laboratory test carried out on both the soils of the region by carrying out 
regression analyses. The modified hyperbolic model is as follows: 
 
𝐺
𝐺𝑚𝑎𝑥
=
1
1+(
𝛾
𝛾𝑟𝑒𝑓
)
𝛼 (5.2) 
where γ is the shear strain, γref  is the reference shear strain (strain at G/Gmax = 0.5) and α is 
the curvature coefficient 
The γref and α values determine the shape of G/Gmax-γ curve. The value of γref can be easily 
obtained by carrying out resonant column test on soil or can also be determined empirically 
using an equation based on uniformity coefficient of soil (Cu) proposed by Menq, 2003, which 
is as follows: 
 𝛾𝑟𝑒𝑓 = 𝐴𝛾 × (
𝜎𝑚
′
𝑃𝑎
)
𝑛𝛾
 (5.3) 
where Aγ = 0.12 × Cu-0.6, nγ = 0.5 × Cu-0.15 and Pa is the atmospheric pressure. 
However, the above equation is valid for sandy and gravelly soils only. Considering the 
importance of γref in determining the shape of backbone curve, the experimentally obtained 
γref values have been used for developing shear modulus degradation and damping ratio 
models. The results of the regression analysis have been reported in Table 11 and the fitted 
curves have been presented in Figure 5.8. A general increase in the values of α has been 
observed. Also, a substantial value of R2 has been observed for all the fitted curves which ratify 
their accuracy. It has been observed that the shear modulus decreases with increase in shear 
strain and this can be attributed to the fact that with an increase in the amplitude of torsional 
vibration, the resonant frequency decreases resulting in degradation of shear modulus. Also, 
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it has been observed that for both the soils, modulus degradation rate decreases with an 
increase in effective confining pressure. Similar trends have been observed by many 
investigators. Moreover, it has also been observed from the test results that at all the effective 
confining pressures, the shear modulus degrades much rapidly for coarse sand as compared 
to the fine sand. This can be attributed to the fact that modulus degradation rate of soils 
increases with increase in uniformity coefficient (Cu). For comparison, the lab results have 
been plotted with the boundaries of proposed curves and standard curves by Seed and Idriss 
as shown in figure 5.9. It has been observed that for both the sands, the standard curves 
proposed by completely differ from the laboratory findings. Seed and Idriss curves for sands 
degrade very rapidly in comparison to the results presented here.  
Table 5.10: Curve fitting parameters for G/Gmax 
σm
′  (kPa) 
Redhill Sand 
Reference strain, γref α R2 
This Study Menq   
50 0.09 0.062 0.8610 0.979 
100 0.10 0.085 0.9020 0.977 
200 0.11 0.116 0.9427 0.964 
300 0.12 0.141 0.9831 0.971 
 
Figure 5.8: Comparison of laboratory results with fitted curves of shear modulus 
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Figure 5.9: Comparison of laboratory results with fitted curves of shear modulus 
5.6 Cyclic behaviour 
Strain controlled tests were carried out on a loose to medium dense sand (Dr=50%) whereby 
the shear strain amplitudes were ranging from 0.02% to 10% and 50,000 cycles were applied. 
Table 5.4 shows the testing programme followed.  
5.6.1 Effect of shear strain amplitude on accumulated strain and shear modulus 
Figure 5.10 shows the average vertical strain accumulation with number of cycles for seven 
shear strain amplitude tests for a vertical consolidation stress of 100 kPa plotted in a log scale. 
The rate of vertical strain accumulation reduces with number of cycles. Also, the accumulated 
vertical strain increases with increasing shear strain amplitude. Figure 5.11 shows the shear 
modulus of the soil plotted for five different shear strains. As expected, the initial shear 
modulus (i.e. before the cyclic stresses are applied) is dependent on the shear strain amplitude 
and reduces with increasing strain. The tests showed that the shear modulus generally 
increases with cycles of load. 
In the context of Offshore Wind Turbine, the Soil-structure Interaction will differ at different 
depths and can be described by CSR (Cyclic Stress Ratio) which is essentially the ratio of shear 
stress to the vertical stress. Scaling laws deduced by Bhattacharya et al., 2011; Lombardi et 
al., 2013 showed CSR is proportional to the average shear strain around the pile. It is also quite 
clear that the soil at shallower depths are subjected to higher shear stress and low vertical 
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stress giving a higher value of CSR. In this context, it must be mentioned that Abdel-Rahman 
et al., 2014 used cyclic simple shear test to predict cyclic capacity degradation of axially loaded 
piles which are applicable for small diameter pile supporting a jacket structure. 
 
Figure 5.10: Vertical strain accumulation for different shear strain amplitudes 
 
 
Figure 5.11: Variation of Shear Modulus for different cyclic shear strain amplitudes 
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5.6.2 Effect of vertical stress 
The effect of vertical stress on the settlement of sand was studied by varying the vertical stress 
for constant shear strain amplitude of 0.2%. Figure 5.12 shows that the vertical strain 
accumulation decreases with higher vertical stress. Figure 5.13 on the other hand plots the 
change in shear modulus with cycles of loading for increasing vertical consolidation stress 
suggesting shear modulus increase with increasing depth. 
 
Figure 5.12: Vertical strain accumulation for different vertical consolidation stresses 
 
Figure 5.13: Variation of Shear Modulus for different vertical consolidation stresses 
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5.6.3 Effect of density 
The effect of density on behaviour of sand during cyclic loading was investigated for 3 relative 
densities for a constant shear strain amplitude of 0.2% and constant vertical stress of 100 kPa. 
Vertical strain reduces with increasing relative density as shown in Figure 5.14. In other words, 
sands with lower relative density will have a higher strain accumulation. Similar observations 
were also reported by Seed and Silver, 1971, but for much lower number of cycles. Shear 
modulus also increases with cycles of loading, see Figure 5.15. 
 
Figure 5.14: Vertical strain accumulation for varying densities at same loading conditions 
 
Figure 5.15: Variation of Shear Modulus for different relative densities at same conditions
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Chapter 6: 
Conclusions and Future Work 
Offshore wind farm has established itself as a viable, scalable and economic form of clean 
energy which will have positive effects on the environment. These offshore energy 
infrastructures can be constructed (from start to finish) and grid connected in about 6 months. 
In contrast, this is a fraction of the time taken for a corresponding Nuclear Power Plant 
infrastructure which takes about 10 years to construct from start to finish. Therefore, wind 
farm can be good strategy to de-carbon an economy in a very short time span and thereby 
having additional benefits of clean air.  
SWOT (Strength – Weakness – Opportunities and Threat) analysis of these new technologies 
will reveal that there is no track record of long-term performance of these structures. On the 
other hand, there is a tremendous growth in this sector not only in Europe but also in Asia. 
Other continents such as North and South America are also investing heavily in this area. While 
there are many positive aspects of offshore wind, there are still uncertainties in the security of 
energy supplies from some sources in the long run mainly from the point of view of unknown-
unknowns. The thesis is aimed at unearthing some of these unknowns-unknowns through a 
systematic study. The thesis can also be seen as study that would facilitate the development 
of optimum foundations that will help economic and optimized use of seas and oceans. In other 
words, the aim is to identify methodologies for experimental verification of foundation 
footprint in the seabed to support a range of wind turbine generators. The research work 
carried out can be classified into two main areas: 
• Development of model testing methodologies to study the long-term behaviour of different 
types of foundations to support WTG (Wind Turbine Generator).   
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• Based on the observations and understanding, identifying element tests of soils so that 
different mechanisms governing the long-term performance can be captured.  
6.1 Development of novel scalable economic model testing methodology 
The central aim of a foundation is to transfer loads from the superstructure to the ground 
through the foundation element which may be either deep foundation (such as piles) or 
shallow foundation (suction caisson). For offshore wind turbine structures, there are 
additional dynamic considerations in the sense that natural frequencies of these systems are 
very close to forcing frequencies imposed by the environment and the on-board machinery. 
There are additional challenges for monopile supported wind turbines as the loading in the 
foundation is mostly one-way cyclic due to combined action of wind and wave. Therefore, a 
test set-up needs to capture all these aspects so that long term performance of a wind turbine 
can be captured. A setup to long term performance is developed in this research with the 
following capabilities:  
• Different types of loading representing ranging from one way asymmetric to two-way 
symmetric can be applied to a scaled model. It must be mentioned here that the type of 
loading i.e. magnitude of one-way or two-way depends not only on the turbine size and 
water depth but also on the environmental conditions.      
• Millions of cycles of loading of different magnitudes representing wind and wave can be 
applied. It must be mentioned here that wind and wave apply different ranges of frequency 
loading to the model.    
• The test set-up can be scaled up to study larger size models. The test set-up has been 
replicated in Zhejiang University where the model presented in this thesis is doubled in 
size.    
• The test set-up can be extended to study fatigue issues in monopiles through strain-gauging 
some parts of the model.      
6.2 Identifying mechanisms leading to element testing of soil  
While physical modelling can be used to understand mechanisms, its use is limited for practical 
design. It is impractical and not scientific to recover offshore soils and carry to a laboratory to 
perform model tests. Therefore, it is a routine offshore engineering practice to link element 
test to mechanisms related to a design. In this thesis, a strain-based method is developed to 
evaluate the strain in the soil next to the foundations. Figure 6.1 shows a flow chart describing 
the methodology for monopile supported wind turbines where the strains in the soil are 
evaluated. The methodology is based on mechanics of the problem and industry standard 
procedure. The mechanics is based on two aspects:  
• The cyclic bending moment in the pile due the load combinations will induce strain in the 
pile wall leading to strain in the soil due to contact. This strain is repeated and what is 
important for an element test design is the magnitude of the strain and number of cycles. 
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• The deflection profile of the pile will induce shear strain in the soil in the direction of 
displacement.  
These strains can be used to perform element testing of soil. It is important to remember that 
the load case can be drained or undrained depending on the type of soil and the depth of 
investigation and loading condition (i.e. storm loading). It is inevitable that for seismic 
conditions, the loading is undrained while for operating condition the loading in the soil is 
expected to be drained.         
6.3 Element testing of soils for large number of cycles of loading 
Many of the offshore wind farms are sited in sandy soil deposits. Furthermore, most of the 
reported model tests are carried in sandy soils. As a result, extensive element testing of soil is 
carried out in sandy soils for a range of strains and using different types of loading scenarios. 
Various apparatus is used to study the effect of number of cycles. While element testing of 
clay is not carried out, data from the literature is taken into account for comparisons.  The 
main conclusions are as follows: 
• Clay and sandy soil will behave differently under the action of cyclic loading  
• Sandy soil will increase its stiffness with cycles of loading. The increase in stiffness in non-
linear and depends on the confining pressure and the strain level. For drained loading, 
there will be increase. On the other hand, for undrained loading (i.e. when the whole soil 
is shaken) there will be reduction in soil stiffness. 
6.4 Use of element tests for long term prediction 
A series of element tests using different apparatus (mostly Cyclic Simple Shear apparatus) has 
been carried out to find out the change in shear modulus of the soil under different conditions 
of cyclic loading. Where possible, the loading pertained to the particular scenario of offshore 
wind turbines. The results obtained from the element tests reinforced the observations from 
the reported scaled model tests and numerical work further boosting our confidence in the 
understanding of the physical mechanism and processes controlling the long-term behaviour 
of these new structures.  
While scaled model tests can be insightful to understand the physical mechanisms, the 
scalability of the results to real application is difficult if the same soil is not used for the model 
tests. In such cases, element tests provide a better alternative. This thesis shows element tests 
that may be helpful to predict the long-term performance. Furthermore, element test 
presented in this thesis sheds light on the cyclic soil-structure interaction which can be used 
to predict the long-term change in soil stiffness for sandy soil under different combination of 
loads. While there is a theoretical continual increase in soil stiffness with cycles of loading, 
there is a flattening of the shear modulus suggesting non-progressive (non-monotonous) 
tilting of the foundation. This is one of the major SLS criteria. 
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6.5 Future work 
6.5.1 Element test on a combination of regular and irregular loading  
Extreme storm loading will have a very low probability of occurrence in the life time and this 
may impose large strains in the soil. On the other hand, operating condition will apply 
relatively low level of strains. Future work needs to focus on the understanding whether or 
not a linear strain accumulation model (as in fatigue) is acceptable for soils. In other words, if 
the application of different strain levels due to extreme events (breaking waves, swell etc) in 
the life time of the wind turbine can be super imposed with the normal operation condition 
and whether or not this will lead to overly conservative design. In other words, the scientific 
question is to test the hypothesis whether or not soil has memory 
6.5.2 Element test on mixed soils 
While the behaviour of sandy soil and clay soil is reasonably known, the effect of fines may 
alter the behaviour. Many of the offshore sites are founded on silty sand or sandy silt and 
future work need to focus on such behaviour.    
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Figure 6.1: Strain in the soils next to a monopile foundation
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a b s t r a c t
The complexity of the loads acting on the offshorewind turbines (OWTs) structures and the significance of
investigation on structure dynamics are explained. Test results obtained froma scaledwind turbinemodel
are also summarized. Themodel is supported onmonopile, subjected to different types of dynamic loading
using an innovative out of balance mass system to apply cyclic/dynamic loads. The test results show the
natural frequency of the wind turbine structure increases with the number of cycles, but with a reduced
rate of increase with the accumulation of soil strain level. The change is found to be dependent on the
shear strain level in the soil next to the pile which matches with the expectations from the element tests
of the soil. The test results were plotted in a non-dimensional manner in order to be scaled to predict the
prototype consequences using element tests of a soil using resonant column apparatus.
© 2015 The Authors. Published by Elsevier Ltd on behalf of The Chinese Society of Theoretical and
Applied Mechanics. This is an open access article under the CC BY license (http://creativecommons.org/
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Introduction Harvesting offshore wind energy is a new initia-
tive and a promising option for protecting the environment. Off-
shore wind turbines (OWTs) are relatively new structures with no
long term track record of their performance yet they are to be
constructed and meant to produce energy for 25–30 years [1–4].
OWTs, due to their slender nature coupled with irregular mass and
stiffness distribution, are dynamically sensitive structures. The first
natural frequencies of these structures are very close to the forcing
frequencies imposed by the environments and the onboard ma-
chinery. Changes of the foundation stiffness under cyclic loading
will ultimately result in changes to the natural frequency of the
structure. Therefore, the design of foundations and prediction of
long term performance are very challenging. The loading on an
OWT is complex and is a combination of static, cyclic, and dynamic
loads:
(1) the external load produced by the wind and its turbulence,
applying approximately one-way cyclic load to the foundation,
(2) the external load caused by waves, which is approximately
two-way cyclic,
(3) the internal load caused by the vibration at the hub level due
to themass and aerodynamic imbalances of the rotor (this load has
∗ Corresponding author.
E-mail address:wlzzju@163.com (L.-Z. Wang).
a frequency equal to the rotational frequency of the rotor (referred
to as 1P loading in the literature) and is dynamic in nature),
(4) dynamic internal loads on the tower (as shown in Fig. 1) due
to the vibrations caused by blade shadowing effects (referred to as
2P/3P in the literature), which is dynamic in nature.
Typical natural frequencies of OWTs are in the range of
0.3–0.9 Hz [1]. The load frequencies that are close to the natural
frequency of the turbines can be classified as dynamic load which
requires special consideration, i.e., the ratio of forcing frequency to
natural frequency (ff/fn) and the damping in the system.
A case study Shanghai Donghai Bridge offshore wind farm is
one of the first large scale commercial developments [5]. Figure 2
shows themain frequencies for a three-bladed 3MWSinovel wind
turbine with an operational interval of 8.1–19 RPM (revolutions
per minute). The 1P lies in the range 0.135–0.316 Hz and the
corresponding 3P lies in the range 0.405–0.948 Hz. The figure also
shows typical frequency distributions for wind and wave loading.
The peak frequency of typical waves is about 0.12 Hz. It is clear
from the frequency content of the applied loads that the designer of
the turbine and foundation has to select a system frequency which
lies outside this range of frequencies in order to avoid system
resonance and ultimately increased fatigue damage.
Three types of designs are possible (see Fig. 2): (1) ‘‘soft–soft’’
design, where the target frequency is placed below the 1P freque-
ncy range, i.e., less than 0.135 Hz, which is a very flexible structure
http://dx.doi.org/10.1016/j.taml.2015.02.003
2095-0349/© 2015 The Authors. Published by Elsevier Ltd on behalf of The Chinese Society of Theoretical and Applied Mechanics. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Cyclic/dynamic load acting on the tower due to blade shadowing effect.
Fig. 2. Forcing frequencies against the power spectral densities for a 3 bladed 3
MW Sinovel OWT.
and almost impossible to design for a grounded system, (2) ‘‘soft–
stiff’’ design, where the target frequency is between 1P and 3P
frequency ranges and this is the most common in the current off-
shore development, (3) ‘‘stiff–stiff’’ design, where target natural
frequency have a higher natural frequency than the upper limit of
the 3P band andwill need a very stiff support structure. Det Norske
Veritas (DNV) [6] also specified that the system frequency should
be at least±10% away from operational 1P and 2P/3P frequencies,
as indicated by the dotted lines in Fig. 2. Therefore, the available
range of safe frequency content to place the OWT is narrow.
Prediction of OWT’s long term behavior OWTs are subjected
to approximately 107–108 cycles of loading in their life time
and two aspects are important with regards to the design of
foundations: (1) assessment of the change of soil behavior due to
effect of cycling and its impact on the foundation (this is similar to
the fatigue problem) and (2) dynamic amplification of the response
of the structure over a range of excitation frequencies close to
the natural frequency of the system. This would mean higher
displacement of the foundation, i.e., higher strain in the soil. This
is similar to the resonance problem. Recent observations of wind
turbines suggest that resonance is a serious issue [7–10]. Field
measurement indicates that the resonance issue is caused by the
change of its foundation stiffness after several years of service [2].
Therefore, the design problems are: (1) prediction of the long
term tilt in the wind turbine due to the change in the soil proper-
ties owing to irregular and asymmetric cycling, (2) long term shift
in natural frequency of the systemandhowclose can the frequency
be with respect to the forcing frequencies. This is particularly im-
portant for ‘‘soft–stiff’’ design as any increase/decrease will impact
on the forcing frequency causing higher fatigue damage [11].
Due to its previous successful application in OWTs, monopile is
still the prevailing foundation option for supporting OWT for wa-
ter depth of less than 30 m in standard soils (sand, soft and stiff
clay). More than 75% of the OWTs in Europe (i.e., UK, Denmark,
Germany, and Netherlands) are supported on monopiles [1]. This
paper therefore investigates the long-term dynamic behavior of
monopile supported OWT through a series of small scale tests. This
is in contrast to the tests carried out in other researchers’ work, see
for example Refs. [12,13],where the dynamics of the problem is not
considered and fatigue type problem is investigated.
Derivation of the correct scaling laws constitutes the first step
in an experimental study. Every physical process or mechanism
can be expressed in terms of non-dimensional groups and the
fundamental aspects of physics must be preserved in the design
of model tests. In this paper, the main principle of scaling related
to OWTs comprises of geometrical and mechanical similarities
between scaled model tests and prototype. And this part has been
discussed in detail in Refs. [1,14,15] and the readers can refer to
those publications for more information.
Dynamic loading system Previous research [1,14–16] on dy-
namic testing as shown in Fig. 3(a) used an actuator to apply all the
cyclic and dynamic loads at one location (denoted by yc in Fig. 3(b))
and the methodology to find out the load is shown in Fig. 3(b) [1].
After applying a user defined number of cycles, the actuator is dis-
connected to obtain the natural frequency through free vibration
test. Then, the actuator needs to be reconnected to apply the next
set of cyclic loads. This causes not only some amount of inconve-
nience to the testing but also unavoidable disturbance to the soil
around the foundation. Furthermore, the actuator can only provide
one directional regular cyclic loads. But in reality, due to the mis-
alignment of wind and wave, the cyclic load is always multidirec-
tional. This led to the development of an innovative cyclic loading
system used in this paper.
The physics behind this innovative device is simple and fol-
lows the concepts of centripetal forcing, i.e., for a body of mass
m, which is rotating about a center in a circular arc of radius r
at a constant angular frequency ω, the mass will exert an extra
force acting towards the center of rotation in the magnitude of
Fn (Fn = mrω2, see Fig. 4(a)). Figure 4(b) shows the final design of
the device and it produces a harmonic loading in twoperpendicular
directions when twomasses (m1 andm2) complete one revolution
Fig. 3. (a) An actuator used to supply dynamic loads. (b) The method to compute the load P and height yc .
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Fig. 4. (a) Circular motion of a mass point. (b) Out-of-balance mass system. (c) Sketch of the principles. (d) The resultant forces in X and Y directions.
Fig. 5. Photo of the test set-up.
(shown in Figs. 4(c) and 4(d)). Thus, the simple and economic de-
vice is comparable to an actuator, but with an obvious advantage
of producing two directional two-way cyclic loading, which indi-
cates a misalignment of wind and wave in real field. The frequency
ff (Hz) of the applied loads is determined by the voltage U (V) that
drives themotor of the device. The amplitude and frequency of the
cyclic loads can be adjusted by replacing the masses (m1 and m2)
on the gears and the voltage output.
Test preparation andproceduresDynamic tests are carried out
in a model tank (1150 mm long, 950 mmwide, and 600 mm high).
The soil used in this experiment is Red Hill 110 silica sand, which
is quite typical of that encountered in the North Sea, and it is rep-
Table 1
Properties of the red hill silica sand.
Items Values
Specific gravity Gs 2.65
Median particle diameter D50/mm 0.144
Internal friction angle/(°) 36.0
Dry unit weight/(kN ·m3) 16.8
Maximum void ratio emax 1.035
Minimum void ratio emin 0.608
Relative density 0.63
Shear modulus G/MPa 10.0
Table 2
Detailed parameters of the model turbine.
Part Length/mm Diameter/mm Thickness/mm Weight/kg
Model pile 450.0 43.0 2.0 3.3
Model tower 1000.0 43.0 2.0 2.2
Top mass – – – 1.8
resentative of the soil along the southeast coastline of China [3].
Some basic properties of this sand is given is Table 1. The sand bed
is prepared by pouring sand from a hopper, maintaining the same
rate of flow and the same height. The final thickness of the sand
bed is approximately 500 mm. Relative density of the sand bed is
63% asmedium dense sand. Shearmodulus of the sand bed G is ob-
tained as approximately 10 MPa by the in-situ shear wave veloc-
ity method. Based on the scaling laws, set-up of the experiment is
shown in Fig. 5. Themodel turbinemainly consists of 3 parts, more
detailed information is given in Table 2. The innovative cyclic load-
ing device is connected to a volt generator, and mounted on top of
the tower. A set of micro electro mechanical system (MEMS) ac-
celerometer [17] is used to obtain the natural frequency and damp-
ing during the free vibration testing. The tests were carried out in
the following procedures.
(1) Before the cyclic loading is applied, a small amplitude free
vibration test is performed, and the response signal is recorded
in the time domain by accelerometers to obtain the initial natural
frequency of the system.
(2) The model turbine is then subjected to cyclic loading for a
chosen time of interval (typically 5000 cycles) with a certain level
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Fig. 6. (a) Acceleration records from free vibration test. (b) Frequency response fromWelch’s method.
Fig. 7. (a) Change of structure’s natural frequency. (b) Change of sand’s shear modulus under different strain level [18].
Table 3
Detailed scheme of the test programme.
Test ID Loading type Amplitude P/N ff/fn-initial P/GD2 (×10−4) M/GD3 (×10−3) Number of cycles N
MST-1 OD 0.455 1.302 0.243 0.565 185432
MST-2 OD 3.325 1.302 1.798 4.189 114336
MST-3 OD 3.469 1.302 1.876 4.371 157212
MST-4 OD 3.596 1.302 1.945 4.532 196515
Note: MST—monopile supported test; OD—one directional (wind and wave are aligned).
of frequency and amplitude. The dynamic property is then evalu-
ated at the end of the chosennumber of cycles through another free
vibration test. This operation is repeated until sufficient number of
cycles was reached and a trend is established.
(3) Another set of test under different cyclic loading is con-
ducted by adjusting m1 and m2 in the gear system and the output
voltage.
Four groups of tests are performed on the 1:100 scaled wind
turbine model, aiming to study the long-term dynamic behavior
of monopile supported model in sand. The investigation focuses
on the influence from the amplitude of cyclic loads. Bhattacharya
et al. [14] showed that the ratio of forcing frequency to natural fre-
quency (ff/fn) is close to 1 in field, so the dynamic effects from the
exciting loads is also considered by setting ff/fn as 1.302. It is sub-
jected up to 196,515 cycles, and the innovative cyclic loading de-
vice is used to apply one directional single frequency cyclic loads
on themodel turbine, but with different forcing amplitudes, corre-
sponding to different non-dimensional P/GD2 and M/GD3, where
P is lateral load in the foundation, M is the mudline bending mo-
ment, G is the shear modulus of the soil, and D is the pile diame-
ter. Lombardi et al. [1] showed that P/GD2 and M/GD3 represents
the shear strain in the soil around the pile. Throughout the tests,
m1 = m2 is maintained, detailed information about all of the tests
is given in Table 3.
Test results and interpretation Figure 6(a) shows a typical
time domain acceleration signal recorded by the accelerometer
during the free vibration test. Assessment of the model turbine’s
natural frequency is performed in the frequency domain using the
Welch method [19], and the result is given in Fig. 6(b). The first
two peaks in Fig. 6(b) correspond to the first two orders of natural
frequency of the model structure.
Changes of the 1st natural frequency (fn/fn-initial) of the system
with respect to the number of cycles (N) in tests MST-1 to MST-
4 are shown in Fig. 7(a). It can be clearly seen that, in test MST-
1, the structure’s natural frequency is almost around its initial
value throughout the test; while in tests MST-2 to MST-4, the
overall trend of the change in natural frequency follows a similar
nonlinear relationship, first increasing with a reduced rate, and
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then stabilizing and later decreasing. The maximum increment of
the system’s 1st natural frequency is around 4%–10% compared to
its initial value. It can also be noted from Fig. 7(a), the amplitude
of the natural frequency’s increment increases with the increase
of the amplitude of cyclic load. High values of soil strain level
(i.e., P/GD2) will lead to high increment of natural frequency.
Taking into account the medium dense state sand used in the
test, with the decrease of soil void ratio under cyclic loading, the
sand will get densified, and will lead to an increase in the foun-
dation stiffness, which ultimately contribute to the increase of
structure’s natural frequency. While the decrease of the system’s
natural frequency during the late period could be attributed to the
sand particles’ migration and loss mechanism, further details on
this aspect can be found in Ref. [13]. It is interesting to note that the
results from the resonant column test given in Fig. 7(b) [18] could
be used to explain themodel test results. It can be clearly seen from
Fig. 7(b), when the soil strain level is low (i.e., γc = 1.6 × 10−4),
change of its shear modulus with respect to the number of cycles
is negligible. In contrast, when the soil strain reaches a high level
(i.e., γc = 6 × 10−4), the soil’s shear modulus grows with the in-
crease of cycles. This phenomenon matches well with the model
test results as observed in Fig. 7(a): high values of soil strain level
(i.e., P/GD2) will lead to high increment of natural frequency.
Conclusions In this paper, a simple, economic, and innovative
device has been adopted to apply cyclic loads. The natural fre-
quency of the model turbine supported on pile in sand, is found
to increase with the load cycles, after reaching a certain number of
cycles, it tends to stabilize and thendecreasewithmore load cycles.
Higher level of the amplitude of cyclic loading will lead to higher
amplitude of natural frequency’s increment. Increase of the model
structure’s natural frequency is attributed to the densification of
the surrounding soil under cyclic loading, while the soil particles’
migration and loss mechanismwill lead to the decrease of the sys-
tem’s natural frequency. Therefore, the natural frequency of OWT
is recommended to put close to the upper limit of 1P band for the
strain stiffen sand field.
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Model Tests on the Long-Term
Dynamic Performance of
Offshore Wind Turbines Founded
on Monopiles in Sand
The dynamic response of the supporting structure is critical for the in-service stability
and safety of offshore wind turbines (OWTs). The aim of this paper is to first illustrate the
complexity of environmental loads acting on an OWT and reveal the significance of its
structural dynamic response for the OWT safety. Second, it is aimed to investigate the
long-term performance of the OWT founded on a monopile in dense sand. Therefore, a
series of well-scaled model tests have been carried out, in which an innovative balance
gear system was proposed and used to apply different types of dynamic loadings on a
model OWT. Test results indicated that the natural frequency of the OWT in sand would
increase as the number of applied cyclic loading went up, but the increasing rate of the
frequency gradually decreases with the strain accumulation of soil around the monopile.
This kind of the frequency change of OWT is thought to be dependent on the way how the
OWT is cyclically loaded and the shear strain level of soil in the area adjacent to the pile
foundation. In this paper, all test results were plotted in a nondimensional manner in
order to be scaled up to predict the consequences for prototype OWT in sandy seabed.
[DOI: 10.1115/1.4030682]
Keywords: offshore wind turbines, monopile, sand, long-term performance, dynamic
loading, scaling/similitude relationship
1 Introduction and Background
In recent years, harvesting offshore wind energy has become a
promising option for protecting our natural environment. OWTs
are relatively new structures with no track record of their long-
term performance, although they are to be constructed and meant
to produce energy for 25–30 years [1]. Due to their nature of slen-
der structure, coupled with irregular mass and stiffness distribu-
tions, the OWTs can be classified as a kind of dynamically
sensitive structures. The first-order natural frequency of an OWT
is generally close to the forcing frequencies imposed by the envi-
ronmental loads (wind, wave, and current) and the onboard ma-
chinery [2]. It has been known that the change of the foundation
stiffness will result in a change of the natural frequency of OWT.
Therefore, rational choice of the OWT foundations and accurate
prediction of its long-term performance are very challenging [3].
1.1 Complex Loadings on the OWTs. The loading acting on
the OWT is a combination of different static and dynamic compo-
nents, of which the main dynamic loads are listed as follows:
(1) External load induced by the wind. This is an approxi-
mately one-way cyclic load, whose magnitude depends on
the local wind speed.
(2) External load caused by waves crashing against the
substructure of an OWT. The feature of this wave load is
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two-way cyclic, and the load magnitude depends on the
wave height and period.
(3) Internal load caused by the vibration at the hub level due to
the mass and aerodynamic imbalances of the rotor. The
load frequency is equal to the rotational frequency of the
rotor (referred to as 1P loading). Since the blades of most
industrial OWTs have variable speeds while in service, 1P
is not a single frequency but a frequency band, which is
between the frequencies associated with the lowest and the
highest revolutions per minute (RPM).
(4) Internal load on the tower due to the vibrations caused by
the blade shadowing effects (referred to as 2P/3P loading).
As shown in Fig. 1, the blades of the OWT passing in front
of the tower cause a shadowing effect, and definitely pro-
duce a period loss of the wind load on the tower. This is a
dynamic load with its frequency equal to three times the
rotational frequency of the turbine (3P) for three bladed
OWTs and two times the rotational frequency (2P) for two
bladed OWTs. The 2P/3P is also a frequency band like 1P
and can be simply obtained by multiplying the band limits
of 1P by the blade number.
It must be mentioned that each of the above four types of
dynamic loads acting on the OWT are unique in terms of ampli-
tude, frequency content, and number of cyclic loads. The dynamic
loads, whose frequency is close to the natural frequency of OWT,
require special considerations in the design, such as the ratio of
the forcing frequency to the natural frequency (ff/fn) and the
damping in the entire system.
1.2 A Case Study: Shanghai Donghai Bridge Offshore
Wind Farm. As shown in Fig. 2, Shanghai Donghai Bridge off-
shore wind farm is China’s first offshore project, including 34 sets
of 3 MW Sinovel wind turbines in a water depth of 10–12 m,
located 8–13 km from the shore of Yangtze River bay. Each wind
turbine is supported on an elevated pile cap with eight piles, of
which the pile a diameter of 1.7 m and is 80 m long out of which
65 m pile is embedded in the seabed. Further details can be found
in the work of Chang et al. [4]. The layered seabed is composed
of nearly 20 m silt layer above the layer of silty clay. Figure 3
shows that for a three bladed 3 MW Sinovel wind turbine, its
operational rotation rate is 8.1–19 rpm. Thus, the 1P lies in the
range of 0.135–0.316 Hz and the corresponding 3P ranges from
0.405 to 0.948 Hz. This figure also shows the typical frequency
distributions for the local wind and wave loadings. The frequency
for the wind loading is low but the peak wave frequency is about
0.12 Hz, which is close to the lowest 1P (0.135 Hz). Therefore, it
is critical to select a safe system frequency (global frequency of
the OWT) which lies outside this frequency range (1P and 3P) in
order to avoid system resonance and reduce the possibility of
structure fatigue damage.
From the point of view of first-order natural frequency of the
entire structure, there are three design strategies for OWTs (see
Fig. 3): (1) “soft–soft”: the target frequency is set to be less than
the 1P frequency, i.e., less than 0.135 Hz, which is a very flexible
structure and almost impossible to design for a grounded system;
(2) “soft–stiff”: the target frequency ranges between 1P and 3P
frequencies, and this is the most common in the current design of
OWTs; (3) “stiff–stiff”: the target natural frequency is higher than
the upper limit of the 3P band and will need a very stiff supporting
structure. DNV [5] specified that the system frequency of OWTs
should be at least 610% away from the 1P and 2P/3P frequencies,
as shown by the dotted lines in Fig. 3. The allowable frequency
range for the OWTs is quite narrow.
1.3 Prediction of OWT’s Long-Term Performance. OWTs
are relatively new structures with no track record of long-term
performance yet. During their whole service-life, these structures
are subjected to approximately 107–108 cycles of loadings. There
are mainly two key aspects for the OWT foundation design: (1)
assessment of the change of soil behavior under cyclic loadings
and its impact on the foundation stiffness. This is similar to the
structure fatigue problem; (2) dynamic amplification of the struc-
ture response over a range of excitation frequencies close to the
natural frequency of the system. This would mean higher founda-
tion displacement, i.e., higher strain in the soil. This is a kind of
system resonance problem. Field reports pointed out that the natu-
ral frequency of OWTs in Lyle and Hornsea wind farms [3,6]
changed after several years. This is thought to be due to the
change of its foundation stiffness [7]. Thus, the system resonance
Fig. 1 Cyclic/dynamic load acting on the tower due to blade shadowing effect
Fig. 2 Shanghai Donghai Bridge OWTs
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is a serious issue for the long-term safety of OWTs [8–10]. It is
necessary to predict the long-term shift in natural frequency of the
wind turbine system and how close the frequency will become to
the forcing frequencies. This is particularly important for the
soft–stiff design of OWTs as any increase/decrease of system fre-
quency will make it more close to the forcing frequency.
1.4 Experimental Study of the Long-Term Performance of
OWTs. The structures of OWTs are designed for a service-life of
25–30 years but little is known about their long-term dynamic
behavior under millions of cyclic loadings. Considering the rea-
sonable cost and easy operation, an alternative method, instead of
full scale/filed tests, is to carry out a carefully controlled model
testing to understand the scaling/similitude relationships, which
can be later used for scaling up the model test results to real proto-
types. There are mainly two approaches to scale up the model test
results to prototype results, as shown in Fig. 4. First is to use
standard tables for the scaling and multiply the model observa-
tions by the scale factor to obtain the prototype responses, and the
second is aimed to study the underlying mechanics/physics of the
problem, with the realization that not all the interaction can be
accurately scaled in model tests [11]. In fact, once the physics/
mechanics of the problem are understood, the prototype response
can be predicted with the help of analytical or numerical modeling
in which the physics/mechanics discovered will be implemented
in a suitable way.
As the dynamic responses of OWTs involve complex dynamic
interaction between the wind/wave, foundation, and structure,
none of the physical modeling techniques can simultaneously sim-
ulate all the interactions. Ideally, a wind tunnel combined with a
wave tank on a geotechnical centrifuge might serve this purpose
but this is unfortunately not feasible. In this paper, the second
approach has been used for experimental testing of a 1:100 scaled
wind turbine to characterize the free vibration dynamics of the
OWT and to study its long-term performance under the actions of
the dynamic loadings [1,2,11].
1.5 Aim and Scope of the Paper. For the water depth less
than 30 m, the monopile is the prevailing option for the founda-
tions of OWTs. More than 75% of the OWTs in Europe (such as
UK, Denmark, Germany, and The Netherlands) are supported on
monopoles [1]. This paper therefore aims to investigate the long-
term dynamic behavior of monopile through a series of small
scale model tests. This is in contrast to other researchers’ experi-
mental works [12–14], in which the structure dynamic responses
were not considered. Thus, the structure of this paper is as fol-
lows: (1) First, a review of the scaling/similitude relations is per-
formed and discussed, and a novel and simple apparatus is
proposed to apply dynamic loadings. (2) Second, detailed experi-
mental data from model tests, all of which were performed in the
University of Surrey, are presented and then the interpretations to
OWT’s dynamic behavior are given.
2 Introduction of Model Tests
2.1 Similitude Relationships. To reveal the mechanism of
prototype response, the fundamental aspects of physics should be
preserved in the model tests [2,11,15]. The main scaling laws
related to the dynamics of OWTs have been thoroughly studied by
Lombardi et al. [2] and Bhattacharya et al. [11] and are proposed
as follows:
(1) As shown in Fig. 5, an OWT can be simplified to three
main components, i.e., the foundation, the tower, and the
top mass. From the perspective of structural dynamics, it is
clear that the geometry and mass similarities (long slender
column with a proportional mass at the top) should be satis-
fied in order to make the OWT dynamic responses similar
between the model and the prototype. This structural
response similarities could be further ensured by keeping
the same ratio of the loading frequency (ff) and the system
frequency (fn) for model scale and prototype scale (i.e., (ff/
fn)model¼ (ff/fn)prototype).
(2) The pile geometry and its behavior: A pile may behave
either in a flexible manner or like a rigid body, which
depends on the pile slenderness ratio (h/D, where h is pile
length and D is the pile diameter) and the relative pile-soil
stiffness. A long and flexible pile will fail due to the
Fig. 3 Power spectral densities versus forcing frequencies for a three bladed 3 MW Sinovel OWT
Fig. 4 Methods for the scaling of small scale test
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formation of plastic hinge in the pile, i.e., the pile fails
before the plastic failure of surrounding soil. In contrast, a
rigid pile fails as the surrounding soil fails. Prototype
monopiles are likely to exhibit as a rigid pile because of
their small ratio of the length to the diameter (h/D).
(3) Cyclic shear strain and stress ratio (CSR): The monopile is
generally subjected to the lateral load (P) and the moment
(M). The strains in the soil around a monopile control the
degree of stiffness change of surrounding soil. The soil
strains depend on the ratio of the shear stress to the vertical
soil effective stress at a particular depth below the mudline.
Previous researches showed that the CSR can be repre-
sented by the nondimensional variable, which is expressed
as M=GD3 ¼ Pyc=GD3 ¼ P=GD3ð Þ yc=Dð Þ ¼ b P=GD2ð Þ
[11], where P is the total equivalent horizontal load acting
as a distance yc from the foundation level. M is the bending
moment at the pile top level, i.e., M¼Pyc. G is the soil
shear modulus, D is the monopile diameter.
(4) Loading rate: The loading rate directly affects the drain
condition of soil around the monopile. It is known that the
time (t) for generation and dissipation of excess pore-
pressure in the seabed is proportional to a characteristic
length, for example, the monopile diameter (D), but is
inversely proportional to the permeability of the soil (kh).
Time (t) is also inversely proportional to the forcing fre-
quency (ff), so kh/(ff D) is a relevant nondimensional vari-
able providing the first-order similarity.
All dimensionless variables considered in this paper are tabu-
lated in Table 1, and other details can be found in the works of
Lombardi et al. [2] and Bhattacharya et al. [11].
2.2 Experimental Device for Applying Cyclic Loadings
2.2.1 Use of Actuator to Apply Dynamic Loads. Figure 6
shows the sketch of previous model tests for OWTs [11], in which
an actuator was used to apply dynamic loads at one location. The
actuator was connected to the model wind turbine by a rigid rod.
After applying a specified number of cyclic loads, the actuator
was disconnected to obtain the natural frequency by a free vibra-
tion test. Then, the actuator needs to be reconnected to apply the
next set of cyclic loads. This causes not only operation inconven-
ience but also unavoidable disturbance to the soil around the
model pile. In addition, the actuator can only provide one direc-
tional cyclic loads. However, in real sea environment, due to the
possible misalignment of wind, wave, and current, the cyclic load
is always multidirectional. This led to the development of an inno-
vative cyclic loading system in this paper.
2.2.2 Use of Two Out-of-Balance Mass in a Gear System to
Apply Dynamic Loads. Figure 7(a) shows the new balance gear
system used to apply dynamic loads. The basic mechanism of this
innovative device is simple and follows the concepts of centripetal
Table 1 Dimensionless variables for the model tests
Physical mechanism Dimensionless variable Remarks
Geometric similarity h/D, L/D h and D are the length and diameter of the foundation; L is the
length of tower; M1, M2, and M3 are the mass of foundation, tower,
and onboard machinery; and P is the total equivalent horizontal
load acting as a distance yc from the foundation level. M is the
bending moment at the pile top level, i.e., M¼Pyc. G and kh are
the shear modulus and permeability of the soil. ff is the forcing fre-
quency, fn-initial is the initial natural frequency of the system.
Mass similarity M1:M2:M3
Soil strain similarity (P/GD2) or (M/GD3)
System dynamic similarity ff/fn-ini
Loading rate similarity kh/ff D
Fig. 5 Schematic diagram of simplified OWT model
Fig. 6 An actuator used to supply dynamic loads in previous
tests
Fig. 7 (a) Novel balance gear system and (b) circular motion of
a mass point
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forcing. As shown in Fig. 7(b), while a body of mass m is rotating
about a center at a constant angular frequency x along a circular
arc with a radius r, an extra force Fn is produced toward the
rotation center
Fn ¼ mrx2 (1)
As shown in Fig. 8(a), two masses m1 and m2 are fixed on gear
1 and gear 2 with equal radii r, and gear 3 is driven to rotate in
clockwise direction by a direct current motor. Gear 3 will mobi-
lize gear 2 to rotate anticlockwise, and gear 1 is forced to rotate
clockwise with a same angular frequency x. If m1 and m2 are
placed at the symmetric positions, they will produce centripetal
forces Fn1 and Fn2
Fn1 ¼ m1rx2 (2a)
Fn2 ¼ m2rx2 (2b)
Decompose Fn1 and Fn2 in X and Y directions (see Fig. 8(a)),
and the resultant forces in X and Y directions can be obtained as
follows:
FX ¼ ðm1  m2Þrx2 cos h (3a)
FY ¼ ðm1 þ m2Þrx2 sin h (3b)
Figure 8(b) shows that a harmonic loading in two perpendicular
directions is produced when the two masses (m1 and m2) complete
one revolution. Thus, compared an actuator, this simple device
can produce two-way cyclic loads combined in perpendicular
directions, which represents a misalignment of wind, wave, and
current loads in real field.
A tachometer was used to calibrating the output of the voltage
U (V) and the frequency ff (Hz) of the applied loads, Eq. (4) gives
the result of a linear relationship between U and ff. The amplitude
and frequency of cyclic loads can be adjusted by replacing the
masses on the gears and the voltage outputted.
ff ¼ 1:959  U (4)
2.3 Test Preparation. Dynamic testing is carried out in a
model tank (115 cm long, 95 cm wide, and 60 cm high). The soil
used in this experiment is typical Red Hill 110 silica sand, which
will be encountered in the North Sea. It is also representative of
the seabed soil along the southeast coastline of China [16]. Some
basic properties of the sand are given in Table 2. The sand bed
used for model tests is prepared by pouring the sand from a hop-
per, maintaining the same flow rate and falling height. The final
Fig. 8 Sketch of the principles of the balance gears system: (a)
gears system for cyclic loadings and (b) relation between
resultant force and the rotation angle
Table 2 Properties of the Red Hill silica sand
Properties Values
Specific gravity Gs 2.65
Median particle diameter D50 (mm) 0.144
Internal friction angle (deg) 36.0
Dry unit weight (kN/m3) 16.8
Maximum void ratio emax 1.035
Minimum void ratio emin 0.608
Relative density Dr 0.63
Shear modulus G (MPa) 10.0
Fig. 9 (a) Shear wave velocity method and (b) acceleration signals recorded by Acc 1 and Acc 2
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thickness of sand bed is approximately 50 cm. Relative density of
the sand Dr is about 0.63, which represents the state of medium
dense. As shown in Figs. 9(a) and 9(b), the distance between the
Acc1 and the Acc2 (accelerometers) is denoted by l. The vibration
wave, produced by the collision between a falling steel ball and
steel plate, will arrive the Acc1 and the Acc2 in sequence, and the
time interval t is recorded. Thus, the sand shear modulus G is
obtained as about 10 MPa using Eqs. (5a) and (5b), where vs is
wave velocity and qs is sand density [17]
vs ¼ lDt (5a)
G ¼ qs  v2s (5b)
Based on the scaling laws listed in Table 1, the setup of the
model test is shown in Fig. 10. The model OWT consists of three
Fig. 10 Setup of the model test: (a) general arrangement, (b) dimensions of model OWT, and
(c) dimensions of model tank
Table 3 Detailed parameters of the model OWT
Component Length/(cm) Diameter/(cm) Thickness/(mm) Mass/(kg)
Model pile 45.0 4.3 2.0 M1¼ 3.3
Model tower 100 4.3 2.0 M2¼ 2.2
Top mass — — — M3¼ 1.76
Fig. 11 Flow diagram of the model tests
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components: the model pile and tower are made of steel tube, and
the top mass represents the assembly of the cabin, the rotor, and
blades. Detailed parameters of three components are given in
Table 3. The innovative balance gear system is mounted on tower
top to apply different cyclic loadings on the model OWT. A set of
accelerometers are pasted on one side of the lumped mass to
record the time-domain signal of its acceleration during the free
vibration process.
2.4 Test Procedures and Data Acquisition. As shown in
Fig. 11, the model tests are carried out in the following
procedures:
(1) The model pile is pushed into the sand bed, and then
the super structure with accelerometer and the gear
system mounted on its top is rigidly connected to the model
pile.
(2) Before the cyclic loading is applied, a small amplitude free
vibration test is performed to obtain the initial natural fre-
quency and the damping of the whole OWT system. The
free vibration motion is generated by the impact of an
impulse force hammer, and then the response signal is
recorded in the time domain by the accelerometer.
(3) The cyclic loading with a specified load amplitude, frequency,
and cycle number is applied to model OWT. The change in
the natural frequency of model OWT is assessed after a cer-
tain cycles by the free vibration tests. This test procedure is
repeated until reaching the maximum cycle number.
(4) Another set of model tests under different cyclic loadings is
conducted by adjusting m1 and m2 in the balance gear sys-
tem and/or the output voltage.
As shown in Fig. 11, the free vibration signal of model OWT is
recorded by the data acquisition device, and then the output results
Fig. 12 Cyclic loadings acting on the model OWT in model tests: (a) tests MTR-1 to MTR-4 and (b) tests MTR-5 to MTR-7
Journal of Offshore Mechanics and Arctic Engineering AUGUST 2015, Vol. 137 / 041902-7
Downloaded From: http://offshoremechanics.asmedigitalcollection.asme.org/ on 06/10/2015 Terms of Use: http://asme.org/terms
are analyzed on a personal computer. Based on the test data of
model OWT’s natural frequency, the effects of cyclic loadings on
the OWT’s dynamic performance can be studied in detail.
3 Test Results and Interpretations
A series of model tests have been performed on the 1:100
scaled wind turbine model (Fig. 10), in order to study the effects
of the types of applied load (i.e., one or two directional two-way
cyclic loads) and its amplitude. The innovative cyclic loading de-
vice is used to apply one and two directional cyclic loads on the
model OWT. Bhattacharya et al. [11] pointed out that the ratio of
forcing frequency to natural frequency (ff/fn) of OWT is close to
one in the field, so the dynamic effects of OWT are considered by
setting ff/fn as 1.302 and 0.851 in model tests. The cyclic load
amplitudes are adjusted by choosing different nondimensional
P/GD2 and M/GD3. There are seven model tests named MST-1 to
MST-7, in which the corresponding cyclic loading curves are plot-
ted in Figs. 12(a) and 12(b), and the cycle number ranges from
85,752 to 196,515. In tests MST-1 to MST-4, the mass balance
m1¼m2 is maintained to produce one directional two-way cyclic
loads, while in tests MST-5 to MST-7, the two directional two-
way cyclic load is produced by keeping m1 6¼m2. Detailed para-
meters for these tests are given in Table 4.
According to the scaling laws between the model and the proto-
type discussed in Sec. 2.1, Table 5 summarizes the related dimen-
sionless variables in model tests. It is noted from Table 5, the
dimensionless variables in the scaled model tests could be approx-
imately in accordance with that in the prototype cases. Therefore,
it is thought that the long-term dynamic behavior of a real scale
OWT can be well revealed based on the model test results.
3.1 Model OWT’s Natural Frequency. Figure 13(a) shows
a typical time-domain acceleration signal recorded by the acceler-
ometer on model OWT during the free vibration tests. Assessment
of the model OWT’s natural frequency is performed in the fre-
quency domain using the Welch method [18]. This method esti-
mates the power spectral density of the input (time-domain
acceleration signal) using Welch’s averaged modified periodo-
gram method of spectral estimation, and the frequency result is
given in Fig. 13(b). The first two peaks in Fig. 13(b) correspond to
the first two orders of natural frequency of the model OWT. It is
shown that the first-order natural frequency of model OWT is 11
Hz, which is about only one-fifth of its second-order natural fre-
quency (50 Hz). In the following study, for the model OWT under
different cyclic loadings, the change of OWT’s natural frequency
with cycle number will be obtained by the Welch method.
Table 4 Detailed parameters of model tests
Test ID Load type ff/fn-ini Amplitude P (N) P/GD2 (104) M/GD3 (103) Cycle number N
MST-1 OD 1.302 0.455 0.246 0.572 185,432
MST-2 OD 1.302 3.325 1.798 4.181 114,336
MST-3 OD 1.302 3.469 1.876 4.363 157,212
MST-4 OD 1.302 3.596 1.945 4.523 196,515
MST-5 TD 0.851 x: 1.027 y: 2.723 x: 0.555 y: 1.473 x: 1.291 y: 3.426 85,752
MST-6 TD 0.851 x: 1.516 y: 3.253 x: 0.820 y: 1.759 x: 1.907 y: 4.091 157,212
MST-7 TD 0.851 x: 1.604 y: 4.713 x: 0.867 y: 2.548 x: 2.016 y: 5.926 137,500
Note: MST—monopile supported test; OD—one directional (wind, wave, and current loads are aligned); and TD—two directional (wind, wave, and
current loads are misaligned).
Table 5 Comparisons of dimensionless variables in the model and the prototype cases
Dimensionless
variables
Model test in
this paper
Model tests in
other works [2]
Prototype case 1 [2]
(Sheringham Shoal)
Prototype case 2 [9]
(Kentish Flat)
h/D 10.5 22.7 4.1–7.9 6.5
L/D 23.3 45.5 14.0–21.3 18.6–23.4
M1:M2:M3 1.88:1.25:1.0 21.8:6.6:1.0 (1.45–2.83):1.2:1.0 1.32:1.2:1.0
P/GD2 (104) 0.243–2.548 2–34 2.1–4.5 7.7
M/GD3 (103) 0.565–5.926 9.1–155 29–96 14.3–17.3
ff/fn-ini 0.851/1.302 0.5–0.8 0.09–0.69 0.37–2.37
Fig. 13 (a) Records of the OWTacceleration and (b) frequency response using Welch’s method
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If the model OWT is fixed at the level of sand seabed surface,
the first-order frequency of model OWT can be calculated as
follows:
ffixed ¼ 1
2p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3EI
ðM3 þ 0:24M2ÞL3
s
(6)
Using the model parameters in Table 3, the first-order fre-
quency of model OWT with a fixed bottom is equal to 19.8 Hz,
which is bigger than that of OWT (about 11 Hz) founded on a
monopole in sand.
3.2 Change of the OWT’s Natural Frequency. In this pa-
per, the ratio of the first-order natural frequency of OWT after
cyclic loadings to its initial first-order natural frequency, i.e., fn/fn-
ini, is used to describe the frequency change of model OWT.
Figure 14(a) shows the changes of model OWT’s natural fre-
quency with respect to the cycle number (N) in tests MST-1 to
MST-4. In these four tests, the model OWT was subjected to more
than 105 one directional cyclic loading. It can be clearly seen that,
in test MST-1 with small load amplitude (P/GD2¼ 0.24 104),
the OWT’s natural frequency only changes a little throughout the
whole cyclic loading process; while in tests MST-2, MST-3, and
MST-4, due to the relatively bigger load amplitudes (P/
GD2¼ 1.798 104, 1.876 104, 1.945 104), the first-order
natural frequency of the model OWT obviously increases with the
increasing cycle number, but at a reduced increase rate. After
reaching its peak after about 105 cycles, the model OWT’s natural
frequency decreases with the further increase of cycle number, but
the final natural frequency is still bigger than its initial value. The
maximum increment of the OWT’s first-order natural frequency
to its initial value is around 4–10%. In addition, it is noted in
Fig. 14(a) that the bigger the load amplitude is (P/GD2 increases
from 1.798 104 to 1.975 104 in tests MST-2 to MST-4), the
larger the increment in the OWT’s natural frequency with the
same cycle number becomes. It seems that a high soil strain level
(i.e., P/GD2) will lead to a big increment in the natural frequency
of OWT in sand. The natural frequency of OWT mainly depends
on the stiffness of the surrounding soil, so it can be concluded that
continuous cyclic loadings with a high strain level can obviously
increase the soil stiffness and the natural frequency of OWT.
For tests MST-5 to MST-7, in which the model OWT is cycli-
cally loaded in two orthometric directions, the changes of the
OWT’s first-order natural frequency are given in Fig. 14(b). For
comparison, Fig. 14(a) also shows the results of tests MST-2 to
MST-4. It can be noted that the change of the model OWT’s
natural frequency has a similar nonlinear increasing pattern com-
paring with that in tests MST-2 to MST-4. However, an additional
cyclic loading, whose direction is perpendicular to the direction of
initial cyclic loading, is applied on the model OWT in tests MST-
5 to MST-7. Therefore, the increase rate of the model OWT’s nat-
ural frequency is much faster, and the frequency peak would be
reached with less cycle numbers (less than half) than that in tests
MST-2 to MST-4.
3.3 Interpretations of Model Test Results. It is known that
the sand used in tests is in the state of medium dense. Under con-
tinuous cyclic loadings acting on model OWT, the sand around
the pile is cyclically sheared and tends to become denser, which is
approaching the shakedown state of the sand. Therefore, the
Fig. 14 Change of the model OWT’s first-order natural frequency: (a) tests MST-1 to MST-4 and (b) tests MST-5 to MST-7
Fig. 15 Subsidence of the sand surface around the embedded
monopile: (a) N5 0, (b) N5 52,404, (c) N5 77,177, (d)
N5 85,752, (e) N5114,336, and (f) N5 157,212
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foundation stiffness for model OWT will increase, which ulti-
mately contribute to the increase of model OWT’s natural fre-
quency. This explains why the OWT’s natural frequency
increases in Fig. 14. Moreover, another interesting phenomenon
has been observed in the model tests. As shown in Fig. 15, under
continuous cyclic loadings, obvious soil subsidence appeared
around the embedded model pile, and its depth and range would
increase with the increase of cycle number. Finally, the soil subsi-
dence around the model pile shows as an inverted cone. The
essential reason for the soil subsidence is mainly attributed to the
migration mechanism of soil particles around a laterally loaded
pile, which has been previously reported and well studied [19]. It
is acknowledged that when the soil subsidence develops, the
length of embedded pile gets shorter, and thus the vertical effec-
tive stress near the pile decreases as well. All these will surely
decrease the natural frequency of model OWT. Therefore, it is
obvious that soil densification increased the natural frequency of
OWT, while the reduced embedment depth decreases the natural
frequency. The soil densification and reduced embedment depth
are the two basic factors that affect the OWT’ natural frequency
in opposite ways. This explains why the OWT’s natural frequency
gradually increases (soil densification dominated) under cyclic
loadings, and then obviously decreases (reduce embedment depth
dominated) with the increase of cycle number (see Figs. 14(a) and
14(b)).
Basically speaking, the increase of the OWT’s natural fre-
quency is caused by the accumulation of soil volume strain around
the pile. Test results showed that two perpendicular directional
cyclic loading and higher load amplitude will lead to higher accu-
mulation rate of soil strain. Therefore, higher values of P/GD2
result in higher rate and amplitude of increment in the natural fre-
quency of OWT, as shown in Figs. 14(a) and 14(b). This was also
verified by the soil element test results (Resonant Column Tests
[20]) in Fig. 16. It is shown that when the soil strain level is rela-
tively low (i.e., cc ¼ 1:6  104), change of its shear modulus
with respect to the number of cycles is not obvious; in contrast,
when the soil strain reaches a high level (i.e., cc ¼ 6  104), the
soil’s shear modulus increases quickly with the increasing cycle
number. From the perspective of dynamic mechanic features of
soil sample, this explains well the model test results illustrated in
Figs. 14(a) and 14(b).
3.4 Recommendations for the Design of OWTs. The OWTs
are dynamically sensitive structures that are placed in adverse
environmental conditions, in which the ratio of the forcing fre-
quency to natural frequency is usually close to one, making the
design of foundation and support structure extremely challenging.
On the basis of test results in this paper, the following recommen-
dations could be given:
(1) For the strain-hardening sites (for example, loose to me-
dium dense sand), the soil stiffness increases with the
applied cyclic loadings, leading to the increase of the sys-
tem’s natural frequency. As for the soft–stiff structure, the
best possible design is to place the first-order natural fre-
quency of the OWT close to the upper limit of 1P band
(considering 10% safety range), which could provide the
maximum allowable space for OWT’s frequency change
(see Fig. 17).
(2) For the strain-softening sites (i.e., soft clay sites), due to the
decrease of soil stiffness under continuous cyclic loadings,
the overall OWT’s natural frequency tends to decrease [2].
Fig. 16 The relationship between shear modulus and cycle
numbers for different strain level [20]
Fig. 17 Forcing frequencies against the power spectral densities and the design
recommendations
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Thus, the best possible design for such a site is to set the
system’s natural frequency close to the lower limit of 3P
band.
(3) For the uncertain sites (for example, layered soil sites)
where the site behavior is quite complex, the best design
natural frequency of OWT should be the center between 1P
and 2P/3P frequencies in order to avoid the risks of
uncertainty.
(4) For an OWT located at a particular site (i.e., with known
applied force P and soil parameter G). The nondimensional
variable (P/GD2) suggests that the higher the pile diameter
is, the lower the average strain in the surrounding soil is
and the smaller the change of the system’s natural fre-
quency becomes. From this point of view, it is suggested
that the monopile with a larger diameter may be superior.
4 Conclusions
This paper aims to study the long-term dynamic performance of
OWT founded on a monopole in sandy seabed. In this paper, dif-
ferent types of complex environmental loadings acting on an
OWT structure are first analyzed, and then the setup of the experi-
ment as well as the scaling laws are presented, finally a series of
well-scaled model test are performed. In these tests, an innovative
device was proposed to apply the cyclic loads, whose applicability
has been proved by test results. Due to appropriate similitude rela-
tionships, the OWT’s long-term dynamic performance can be well
predicted and the underlying physics was studied. Some useful
conclusions can be drawn as follows:
(1) Test results indicate that the natural frequency of the OWTs
founded on monopiles in sandy seabed increases as the
number of cyclic loadings goes up. After reaching a certain
cycle number, the OWT’s natural frequency reaches its
peak and then decreases with additional cyclic loadings.
Higher amplitude of cyclic loading will lead to higher in-
crement in the natural frequency of OWT. Two directional
cyclic loadings will make faster increase of OWT’s natural
frequency with the number of cycles.
(2) Increase of the OWT’s natural frequency is attributed to the
densification of surrounding sand under cyclic loadings;
Moreover, the mechanisms of soil particles’ migration and
loss will also appear and lead to an obvious decrease of the
OWT’s natural frequency.
(3) Different design strategies should be adopted for the OWT
in different site cases. That is the OWT natural’s frequency
should be close to the upper limit of 1P band for the cases
of soil strain hardening, close to the lower limit of 3P band
for the strain-softening sites, and better in the center
between 1P and 2P/3P frequencies for uncertain sites. In
addition, the monopile foundation with a large diameter
will lead to a low value of P/GD2, which could lower the
possible change of OWT structure’s natural frequency.
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a b s t r a c t
One of the major uncertainties in the design of offshore wind turbines is the prediction of long term
performance of the foundation i.e. the effect of millions of cycles of cyclic and dynamic loads on the
foundation. This technical note presents a simple and easily scalable loading device that is able to apply
millions of cycles of cyclic as well as dynamic loading to a scaled model to evaluate the long term
performance. Furthermore, the device is economic and is able to replicate complex waveforms (in terms
of frequency and amplitude) and also study the wind and wave misalignment aspects. The proposed test
methodology may also sufﬁce the requirements of Technology Readiness Level (TRL) Level 3–4 i.e.
Experimental Proof of Concept validation as described by European Commission. Typical long term test
results from two types of foundations (monopile and twisted jacket on piles) are presented to show the
effectiveness of the loading device.
Crown Copyright & 2015 Published by Elsevier Ltd. All rights reserved.
1. Introduction
Offshore wind turbines are a relatively new type of structure
with limited track record of long-term performance. The three
main long term design issues are:
(a) Whether or not the foundation will tilt progressively under
the combined action of millions of cycles of loads arising from
the wind, wave and 1P (rotor frequency) and 2P/3P (blade
passing frequency). It must be mentioned that if the founda-
tion tilts more than the allowable, it may be considered failed
based on Serviceability Limit State (SLS) criteria and may also
lose the warranty from the turbine manufacturer. The loads
acting on the foundation are typically one way cyclic and many
of loads are also dynamic in nature. Further details of the
loading can be found in Arany et al. [3,4].
(b) It is well known from literature that repeated cyclic or
dynamic loads on a soil causes a change in the properties
which in turn can alter the stiffness of foundation, see Adhi-
kari and Bhattacharya [1,2]. A wind turbine structure derives
its stiffness from the support stiffness (i.e. the foundation) and
any change in natural frequency may lead to the shift from the
design/target value and as a result the system may get closer
to the forcing frequencies. This issue is particularly proble-
matic for soft-stiff design (i.e. the natural or resonant fre-
quency of the whole system is placed between upper bound of
1P and the lower bound of 3P) as any increase or decrease in
natural frequency will impinge on the forcing frequencies and
may lead to unplanned resonance. This may lead to loss of
years of service, which is to be avoided.
(c) Predicting the long term behaviour of the turbine taking into
consideration wind and wave misalignment aspects.
Limited monitoring of offshore wind turbines indicates that the
dynamic characteristics of these structures may change over time
and has the potential to compromise the integrity of the structure
due to fatigue and resonance phenomena. For example resonance
under operational condition has been reported in the German
North Sea projects, see Hu et al. [11]. Change in the natural fre-
quency of the Hornsea Met Mast structure supported on a ‘Twisted
Jacket’ foundation is also reported by Lowe [10]. Three months after
the installation the natural frequency dropped from its initial value
of 1.28–1.32 Hz to 1.13–1.15 Hz. Scaled model tests carried out by
Bhattacharya et al. [5–7], Yu et al. [12], Guo et al. [13], Cox et al. [8]
indicated that natural frequency may change owing to dynamic soil
structure interaction.
It is therefore essential to understand the mechanisms that
causes the change in dynamic characteristics of the structure and
if it can be predicted through analysis. An effective and economic
way to study the behaviour (i.e. understanding the physics behind
the real problem) is by conducting carefully and thoughtfully
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designed scaled model tests in laboratory conditions simulating
(as far as realistically possible) the application of millions of cyclic
lateral loading by preserving the similitude relations. Derivation of
similitude relations for scaling of monopiles supporting wind
turbines can be found in Bhattacharya et al. [5] and for multipod
foundations in Bhattacharya et al. [7,9].
This aim of the paper is to present an innovative cyclic loading
device that can be used to carry out small scale testing whereby long-
term performance of offshore turbines can be studied. This device is
economic, scalable to different model scales and is able to replicate
complex loads acting on an offshore wind turbine. Furthermore, the
wind and wave misalignment can also be simulated. The paper is
structured in the following way: After a brief review of the complexity
of the loads on a typical wind turbine, an innovative devise capable to
simulating the loading complexity is presented. Finally, typical test
results obtained from this apparatus are also shown.
2. Cyclic and dynamic loads acting on an offshore wind
turbines
Offshore wind turbine installation is unique type of structure
due to their geometry (i.e. mass and stiffness distribution along the
height) and the cyclic/dynamic loads acting on it. There are 4 main
loadings on the offshore wind turbine: wind, wave, 1P and 3P, see
Fig. 1. Each of these loads has unique characteristics in terms of
magnitude, frequency and number of cycles applied to the foun-
dation. The loads imposed by the wind and the wave are random in
both space (spatial) and time (temporal) and therefore they are
better described statistically. Apart from the random nature, these
two loads may also act in two different directions. 1P loading is
caused by mass and aerodynamic imbalances of the rotor and the
forcing frequency equals the rotational frequency of the rotor. On
the other hand 2P/3P loading is caused by the blade shadowing
effect and is simple 2 or 3 times the 1P frequency. Fig. 1 shows the
typical wave forms of the 4 types of loads. On the other hand, Fig. 2
presents a schematic diagram of the main frequencies of the loads
together with the natural frequency of two Vestas V90 3 MW wind
turbines from two wind farms: Kentish Flats and Thanet (UK).
It is of interest to summarise to soil structure interaction issue for
an offshore wind turbine. There are two main aspects related to cyclic
loading conditions that have to be taken into account during design:
(a) soil behaviour due to non-dynamic cyclic loading i.e. fatigue type
problem and this is mainly attributable to wind loading which has a
very low frequency; (b) soil behaviour due to dynamic loading which
will cause dynamic ampliﬁcation of the foundation response i.e. the
resonance type problem. This is due mainly due to 1P and 3P loading
but wave loading can also be dynamic for deeper waters and heavier
turbines. A breakdown of the overall problem of soil–structure
interaction into two types of soil shearing is schematically repre-
sented in Fig. 3. A model test needs to capture these behaviour.
3. Scaled model testing of offshore wind turbines and the
innovative cyclic loading system
Based on the discussion in the earlier section and the soil–
structure interaction, scaled model testing under repetitive cyclic
loading can be divided into two categories:
a) Modelling the behaviour of foundation under cyclic loading
without considering the dynamics of the system i.e. fatigue
type of problem as shown in Fig. 3(a).
b) Modelling the behaviour of foundations considering the
dynamics of the system i.e. studying both fatigue type and
resonance type of problem as seen in Fig. 3(a) and (b).
Extensive research has been carried to study cyclic behaviour of
foundation, see for example Leblanc [14], Cox et al. [8] where few
hundreds to tens of thousands of cyclic loads were applied and the
dynamics of the whole system has been ignored. However to rea-
listically study, long term performance of offshore turbines, apart
from dynamic loads, wind and wave misalignment must also be
simulated. In addition, millions of cycles of loading to mimic the life
Fig. 1. External loads acting on an offshore wind turbine, along with their typical waveforms.
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cycle of the wind turbine are to be applied. This paper presents an
innovative device capable of applying cyclic as well dynamic load-
ing to a wind turbine model and is described in the next section.
This innovative cyclic loading system consists of two identical
interlocking gears where masses can be attached, see Fig. 4. The
working principle of this cyclic loading device is based on the
unbalanced rotation of eccentric masses and is presented schema-
tically in Fig. 5. This counter-rotating eccentric mass of equal
magnitude is able to produce a unidirectional cyclic load in Y-axis
only as the net force in X-axis is zero due to cancellation of the
equal and opposite forces. In the case when the two masses
mounted on the interlocking gears are not equal there will be a
sinusoidal loading along two perpendicular directions (X and Y
axis). The force resultants in X and Y axes for two cases when the
masses are equal and unequal are presented in Fig. 6. This loading
system, along with all its components, can be seen in Fig. 4.
It may be noted that the excitation force produced by this device is
dependent on three variables: mass of theweights attached to the gears
(m), the radius of the gears (r) and the angular velocity of the gears (ω).
The frequency (Hz) of the cyclic loading depends mainly on the angular
velocity which can be easily controlled by the voltage (V) of the power
supply. In order to control the force in Y axis, the appropriate masses
should be attached to the rotating gears, considering the fact that the
Fig. 2. Forcing frequencies plotted against power spectra densities for Vestas V90 3 MW wind turbines.
Fig. 3. Breakdown of soil–structure interaction of offshore wind turbines into two types of problems.
Fig. 4. Prototype cyclic loading device with all the components annotated.
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radius remains the same. Also it is possible to change the frequency and
the amplitude by just replacing the type and the diameter of the gears.
Once the amplitude and the frequency of the cyclic loads are deﬁned,
the device is mounted on the tower to simulate the desired overturning
moment at the level of the foundation.
In a typical offshore project, the largest contribution towards the
overturning moment is due to the wind and the wave loads having
different magnitude of overturning moment, frequency and also the
number of cycles. A way to address this loading complexity in a
scaled model tests is by attaching two of these eccentric mass
actuators, one to represent each load (frequency and amplitude) and
placing them at the correct height in order to produce the desired
scaled bending moment at the base of the model. The result of such
an arrangement would provide realistic results of the foundation's
long term performance. Such a conﬁguration is presented schema-
tically in Fig. 7, where the wind and the wave are acting along the
same direction i.e. collinear. There can be loading scenarios, when the
wind and the wave may not be aligned and Fig. 8 shows a possible
conﬁguration that can be used for simulation.
4. Performance of the new apparatus in model testing
In order to assess the performance of the counter-rotating
eccentric mass actuator, an extensive experimental programme
was carried out where 1:100 scaled offshore wind turbine models
supported on two types of foundation types: monopile and the
twisted jacket (also known as IBGS: Inward Battered Guided
Structure) supported on pile foundations. Further details of the
testing procedure, soil container requirements, similitude/scaling
relations can be found in Bhattacharya et al. [5]. Up to 100,000
loading cycles were applied in the tests. The model foundations
were 1:100 models scale and were made out of aluminium tubes.
A rigid plastic container (1120 mm920 mm600 mm) was used
and the container was ﬁlled with Red Hill 110 Silica soil up to a
depth of 400 mm with relative density of 63%. Further details on
the properties of the sand and the advanced testing can be seen in
Bhattacharya et al. [6,7]. The innovative cyclic loading device was
mounted on top of the tower and a pair of MEMS accelerometers
were attached to the model. A non-contact laser-vibrometer was
Fig. 5. Working principle of the described loading device.
Fig. 6. Force resultants in X and Y axes when the masses are equal (top) and not (bottom).
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also used to independently verify the dynamic response. The test
setup for the monopile foundation is presented schematically in
Figs. 9 and 10 shows the photograph of the test setup.
A typical test procedure consists of the following: (a) Before any
cyclic loading is applied, snap back test (also known as free vibra-
tion decay test) is performed to obtain the initial natural frequency
and damping of the model; (b) Cyclic loading is then applied with a
speciﬁed load amplitude and frequency by using the proposed
device. After speciﬁed number of cycles, the actuator is switched off
and snap back test is carried out. Similar methodology is carried out
to study the long term performance for different types of founda-
tions, see Bhattacharya et al. [5], Bhattacharya et al. [6,7]. Figs. 11
and 12 plot the result where 1 N force was applied at a frequency of
10 Hz. As mentioned, the change in natural frequency and damping
is estimated after a certain number of cycles by free decay tests until
100,000 cycles are completed.
Figs. 11 and 12 present the change in the frequency and
damping with the number of cycles, respectively. As expected,
Fig. 7. Conﬁguration of two actuators to represent separately wind and wave loads, when these are acting along the same direction.
Fig. 8. Conﬁguration to study the wind–wave misalignment.
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Fig. 9. Test setup for the monopile foundation with all the instruments annotated.
Fig. 10. Test setup for the monopile (left) and twisted jacket (right) foundation with all the instruments annotated.
Fig. 11. Change in the natural frequency of the models with number of cycles.
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both types of foundation exhibited an increase in natural fre-
quency (fn) and a decrease in damping (γn) with cycles of loading.
Under cyclic loading, the medium dense sand densiﬁed which
increased the foundation stiffness and ultimately the natural fre-
quency. This is consistent with the results on monopile founda-
tions, see Bhattacharya and Adkikari [2] and also limited ﬁeld
observation. Further discussions on the test results are beyond the
scope of this technical note.
5. Discussion and conclusions
In this paper, a new cyclic loading device is developed that has
the capability to simulate many complex loading in a scaled model
including the application of millions of cycles of load and the
wind–wave misalignment. This loading device is economical,
simple to use and scalable and therefore models of different scales
can be tested.
Foundations typically cost 25–35% of an overall offshore wind
farm project and in order to reduce the Levelised Cost of Energy
(LCOE) new innovative foundations are being proposed. However,
before any new type of foundation can actually be used in a pro-
ject, a thorough technology review is often carried out to de-risk it.
European Commission deﬁnes this through Technology Readiness
Level (TRL) numbering starting from 1 to 9, see Table 1 for dif-
ferent stages of the process. One of the early work that needs to be
carried out is technology validation in the laboratory environment
(TRL 4). In this context of foundations, it would mean carrying out
tests to verify the long term performance. It must be realised that
it is very expensive and operationally challenging to validate in a
relevant environment and therefore laboratory based evaluation
has to be robust so as to justify the next stages of investment.
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Table 1
Deﬁnition of TRL.
TRL Level as European Commission
TRL-1: Basic principles veriﬁed
TRL-2: Technology concept formulated
TRL-3: Experimental proof of concept
TRL-4: Technology validated in lab
TRL-5 Technology validated in relevant environment
TRL-6: Technology demonstrated in relevant environment
TRL-7: System prototype demonstration in operational environment
TRL- 8: System complete and qualiﬁed
TRL -9: Actual system proven in operational environment
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Abstract
Soil–structure interaction (SSI) for offshore wind turbine supporting structures is essentially the interaction of the
foundation/foundations with the supporting soil due to the complex set of loading. This study reviews the dif-
ferent aspects of SSI for different types of foundations used or proposed to support offshore wind turbines. Due
to cyclic and dynamic nature of the loading that acts on the wind turbine structure, the dominant SSI will depend
to a large extent on the global modes of vibration of the overall structure. This study summarises the modes of
vibration of offshore wind turbines structures supported on different types of foundations based on observations
from scaled model tests and numerical analysis. As these are new structures with limited monitoring data, ﬁeld
records are scarce. Where possible, ﬁeld records available in the public domain are also used to compare with
experimental ﬁndings.
Introduction
Foundations for wind turbine generators (WTGs)
Offshore wind turbine (OWT) installation is a unique
type of structure due to their geometry (i.e. mass
and stiffness distribution along the height) and the
loads acting on it. It has been shown that the environ-
mental loads are a mixture of cyclic and dynamic com-
ponents and depend on the location of the wind farm
(wave period, fetch, wind turbulence) together with
the size and type of the turbine (see [1, 2]). The
main purpose of a foundation is to transfer these
loads safely (without excessive deformation) to the
surrounding soil. Behaviour of saturated soil under
cyclic/dynamic loading is very complex and not well
understood and thus, the design of the foundation
for these structures is challenging.
Figs. 1 and 2 showWTGs supported on various types of
foundations which are either currently used or pro-
posed to be used. Few points may be noted: (i) for
water depth typically up to 30–40 m, single foundation
(large gravity base or single large diameter pile) may
sufﬁce; (ii) for water depths more than 30–40 m to
about 60–70 m, multiple foundations (more than one
shallow foundations or few piles) may be needed;
(iii) for water depths in excess of 80–100 m, bottom-
ﬁxed foundations become uneconomic and ﬂoating
structures become the preferable choice. In each of
these cases, the load transfer to the neighbouring
ground is essentially a soil–structure interaction (SSI).
The difference between the load transfer processes of
single foundations and multiple foundations is
explained through Fig. 3 by taking the example of
single large diameter monopile and multiple piles sup-
porting a jacket. In the case of monopile-supported
wind turbine structures or for that matter any single
foundation (e.g. Figs. 1a–c), the load transfer is
mainly through overturning moments where the mono-
pile/foundation transfers loads to the surrounding soil
and therefore it is lateral foundation soil interaction.
On the other hand, for multiple support structure,
the load transfer is mainly through push–pull action,
i.e. axial load as illustrated in the ﬁgure.
It is economical to have many turbines in a wind farm
to have the economy of scale by taking advantage of
subsea export cables and therefore the modern and
future wind farm also requires a large area. If the con-
tinental shelf is very steep (i.e. variation of ocean water
depth with distance from the shore), grounded (ﬁxed)
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turbines are not economically viable and a ﬂoating
system is desirable.
Typically, foundations cost 25–34% of an overall
project and thus, innovations are underway to
reduce the foundation costs [3]. Fig. 4a shows a
photograph and an artistic impression of a particular
type of tripod foundation having a right-angled
corner developed by SPT offshore. The advantage of
such a conﬁguration is the ease to transport to the
location using a barge and easy installation and
hence the name self-installed wind turbine (SIWT).
Fig. 2 Various proposed and existing multi-foundation arrangements to support WTG
(a) Tetrapod substructure supported by four suction caisson foundations, (b) Asymmetric tripod substructure supported by three suction caissons
foundations, (c) Jacket substructure supported by four suction caisson foundations, (d) Symmetric tripod substructure supported by three suction
caisson foundations, (e) Tri-pile substructure and foundation, (f) Plan view of an asymmetric tripod substructure, (g) Plan view of a jacket
substructure, (h) Plan view of a symmetric tripod substructure
Fig. 1 Common types of foundations used to support WTGs
(a) Gravity base foundation, (b) Monopile foundation connected to the tower with a transition piece, (c) Suction caisson foundation, (d) Tripod
substructure supported by three pile foundations, (e) Jacket substructure supported by four pile foundations, (f) Tension leg platform anchored
to three pile foundations, (g) Semi-submersible ﬂoating platform moored to drag anchors, (h) Ballast-stabilised ﬂoating spar platform anchored
to three suction caissons
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Fig. 4b shows pile-supported tripod system used in
Alpha Ventus wind farm. However, monopile (see
Figs. 1b and 3) due to its simple shape and easy fabri-
cation is one of the preferred types of foundations and
will be the main focus in this study.
Ideal foundations for OWTs
The choice of foundation will depend on the follow-
ing: site condition, fabrication, installation, operation
and maintenance, decommissioning and ﬁnally
economics. Following [4], the deﬁnition of an ideal
foundation is as follows:
(i) A foundation which is capacity or ‘rated power’
speciﬁc (i.e. 5 or 8 MW rated power) but not
turbine manufacturer speciﬁc. In other words, a foun-
dation designed to support 5 MW turbines but can
support turbines of any type. There are advantages
in the sense that turbines can be easily replaced
even if a particular manufacturer stops manufacturing
them.
Fig. 4 Schematic/photographs of some types of foundations
(a) SIWT: asymmetric type of foundation, (b) Tripod type of foundation
Fig. 3 Load transfer mechanisms for monopile and jacket supported on piles
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(ii) The foundation is easy to fabricate. For example,
a large diameter monopile (extra large (XL) piles) can
be fabricated by rolling and welding a steel plate,
and this process can be automated. On the other
hand, a jacket needs extensive welding and often
comprehensive manual intervention. From the fabri-
cation point of view, the monopile is preferred.
(iii) Installation of foundation is not weather sensi-
tive, i.e. not dependent on having a calm sea or a par-
ticular wind condition. The installation of the ﬁrst
offshore wind farm in the USA took more time due
to the unavailability of a suitable weather window.
(iv) Low operation and maintenance (O&M) costs, i.e.
needs the least amount of inspection. O&M costs over
the lifetime of wind turbines are typically in the same
order of magnitude as the capital expenditure cost for
the offshore wind farm project. For example, a jacket
type foundation needs periodic inspection at the weld
joints, often in difﬁcult-to-access locations.
Aim and scope of this study
The aim and scope of this study are as follows:
(a) Review the main loads on the OWTs with their
implication on dynamic SSI;
(b) Summarise the SSI issues for the most commonly
used monopile type of foundation;
(c) Discuss the SSI aspects on other types of
foundations.
Cyclic and dynamic loads on the wind
turbine system
As the aim of the foundation is to transfer the loads of
the substructure and superstructure safely to the
ground, it is necessary to review the loads acting on
the wind turbine structure. This section of the paper
discusses the loads on the structure. Apart from the
self-weight of the whole system, there are four main
lateral loads acting on an OWT structure: wind,
wave, 1P (rotor frequency) and 2P/3P (blade passing
frequency) loads. Fig. 5a shows a schematic represen-
tation of the time history (wave form) of the
main loads.
Each of these loads has unique characteristics in terms
of magnitude, frequency and number of cycles applied
to the foundation. The loads imposed by the wind and
the wave are random in both space (spatial) and time
(temporal) and therefore they are better described
statistically. Apart from the random nature, these
two loads may also act in two different directions
(often termed as wind–wave misalignment) to have
a steady power output. 1P loading is caused by mass
and aerodynamic imbalances of the rotor and the
forcing frequency equals the rotational frequency of
the rotor. On the other hand, 2P/3P loading is
caused by the blade shadowing effect, wind shear
(i.e. the change in wind speed with height above the
ground) and rotational sampling of turbulence (see
e.g. [1, 5]). Its frequency is simply two or three times
the 1P frequency. Further details on the loading can
be found in [1, 2, 5].
Based on the method developed by Arany et al. [2],
Table 1 shows typical values of thrust due to the
wind load acting at the hub level for ﬁve turbines
ranging from 3.6 to 8 MW. The thrust load depends
on the rotor diameter, wind speed, controlling mech-
anism and turbulence at the site. The mean and
maximum bending moments on a monopile are also
listed. Wave loads strongly depend on the pile dia-
meter and the water depth and are therefore difﬁcult
to provide a general value. Table 1 contains a relatively
severe case of 30 m water depth and a maximum
wave height of 12 m.
Typical values of wave loading ranges between 2
and 10 MN acting at about 3/4 of the water depth
above the mudline which must be added to the
wind thrust. Typical peak wave periods are around
10 s. The pattern of overturning moment on the
monopile is schematically visualised in Fig. 5b. In the
ﬁgure, a typical value of the peak period of wind tur-
bulence is taken and can be obtained from wind
spectrum data.
Fig. 6 presents a schematic diagram of the main fre-
quencies of these four types of loads so that the
dynamic design constraints can be visualised. Current
design aims to place the natural frequency of the
whole system in between 1P and 3P in the so-called
‘soft–stiff’ design. In the plot, the natural frequency
of two Vestas V90 3 MW wind turbines from
two wind farms (Kentish Flats and Thanet) are
also plotted. Though the turbines are same, the
variation in the natural frequency is due to the differ-
ent ground and site conditions. Few points may be
noted:
(i) In the ‘soft–stiff’ design, the natural frequency or
the resonant frequency is very close to the upper end
of 1P (i.e. frequency corresponding to the rated power
of the turbine) and lower bound of the 3P (i.e. cut-in
speed of the turbine). This will inevitably cause vibra-
tion of the whole system as the ratio of forcing
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to natural frequency is very close to 1. It is worth
noting that resonance under operational condition
has been reported in the German North Sea projects
(see [6]).
(ii) Fig. 7 shows a similar plot as shown in Fig. 6 but
for different turbines (2–8 MW). It is clear that as the
turbine size/rated power increases, the target fre-
quency is moving towards the left of the spectrum.
For example, the target frequency of a 3 MW
turbine is in the range of 0.35 Hz. In contrast, the
target frequency for a 8 MW turbine is 0.22–0.24 Hz
which is within a factor of 2 of a typical predominant
wave frequency. This can also be explained through
Campbell diagram plotted in Fig. 8 which shows the
narrow band of the target frequency for 8 MW
turbine.
Fig. 5 Schematic representation of the time history (wave form) of the main loads
(a) Main loads on OWTs, (b) Simpliﬁed mudline bending moment time history on a monopile under the action of regular waves [2]
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(iii) For a soft–stiff 3 MW WTG system, 1P and 3P
loadings can be considered as dynamic (i.e. ratio of
the loading frequency to the system frequency very
close to 1). Most of the energy in wind turbulence is
in lower frequency variations (typically around 100 s
peak period), which can be considered as cyclic. On
the other hand, 1P and 3P dynamic loads change
quickly in comparison to the natural frequency of
the WTG system and therefore the ability of the
WTG to respond depends on the characteristics, and
dynamic analysis is therefore required.
(iv) As a rule of thumb, if the natural frequency of the
WTG structure is more than ﬁve times the forcing fre-
quency, the loading can be considered cyclic and
inertia of the system may be ignored. For example,
for a 3 MW wind turbine having a natural frequency
of 0.3 Hz, any load having frequency more than
0.06 Hz is dynamic. Therefore, wave loading of
0.1 Hz is dynamic.
(v) It is easily inferred that for large turbines (8 MW)
sited in deeper waters, the wave loads will be highly
dynamic (target frequency of the WTG system is
0.22 Hz and the most waves are in the frequency
range of 0.05–0.2 Hz) and may control the design.
It has been shown by Bhattacharya [7] and more
recently by Arany et al. [2] that the design of the
foundation is controlled by the foundation stiffness
Table 1 Typical wind and wave loads for various turbine sizes for a water depth of 30 m
Parameter Unit Turbine rated power
3.6 MW 3.6 MW 5.0 MW 6–7 MW 8 MW
rotor diameter m 107 120 126 154 164
rated wind speed m/s 13 13 11.4 13 13
hub height m 75 80 85 100 110
mean thrust at hub MN 0.50 0.60 0.60 1.00 1.20
max thrust at hub MN 1.00 1.20 1.20 2.00 2.30
mean mudline moment Mmean MNm 53 69 70 135 165
max mudline moment Mmax MNm 103 136 137 265 323
water depth m 30 30 30 30 30
maximum wave height m 12 12 12 12 12
typical monopile diameter m 5.5 6 6.5 7 7.5
horizontal wave force MN 3.67 4.2 4.81 5.43 6.09
mudline moment from waves MNm 104 120 137 155 175
unfactored design moment MNm 207 256 274 420 498
Fig. 6 Frequency range of the loads along with natural frequency of the turbines for 3 MW turbines
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due to the serviceability limit state (SLS) requirements.
It is of interest to take an example to illustrate the
salient aspects and complexity of the design and for
that purpose monopile is taken. Fig. 9 shows a simpli-
ﬁed mechanical model of monopile supported wind
turbines and the foundation is represented by a set
of springs. From simpliﬁed design point of view, the
logical steps are:
(a) Obtaining loads on the foundation for different
load scenarios, i.e. vertical load (V ), lateral load (H )
and overturning moment (M ) as shown in Fig. 5.
Arany et al. [2] developed a simpliﬁed methodology
to estimate the loads at the pile head.
(b) Based on a pile geometry and ground proﬁle (stiff-
ness along the depth of the ground), one can obtain
the initial stiffness of the foundation (i.e. KL, KR and
KLR in Fig. 9) and is explained later in this study. KL
represents lateral stiffness, i.e. force required for unit
lateral displacement of the pile head (unit of MN/m),
whereas KR represents moment required for unit rota-
tion of the pile head (unit of GNm/rad). KLR is the
cross-coupling spring explained through (1). Detailed
explanation of the modelling explained in Fig. 9 is pro-
vided in the next section of this paper. Once KL, KR and
KLR are known, using closed-form solution developed
by the authors in [8, 9], the ﬁrst natural frequency of
the whole system can also be predicted. The initial dis-
placements of the pile head (in the linear range) may
also be predicted using (1). The terminology can be
found in Fig. 9.
(c) Conservative design, i.e. having the foundation
stiffness more than necessary may not be a safe solu-
tion for soft–stiff type of design as it will impinge on
3P frequency range thereby increasing the response
and ultimately higher fatigue damage
H
M
{ }
= KL KLR
KLR KR
[ ]
uL
uR
{ }
(1)
Fig. 7 Importance of dynamics with deeper offshore and larger turbines
Fig. 8 Campbell diagram for a 3 and 8 MW turbine
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Modelling strategies for monopile
type of foundation
Among the different types of foundations proposed,
monopile is very commonly used (about 70% of all
operating wind turbines) and is shown schematically
in Fig. 9. Effectively, it is the extension of the tower
below the ground. The ﬁgure also shows a mechanic-
al/mathematical model of the whole system where the
foundation is replaced by four springs: vertical spring
(KV having the units of MN/m), lateral (KL having
the units of MN/m), rotational/rocking (KR having the
units GNm/rad) and cross-coupling (KLR having
the units of GN). It may be noted that the torsional
spring is not included as the effect of torsional
loads is minimal due to the yaw bearing at the top
of the tower which supports the rotor nacelle assem-
bly (RNA).
This model (which can be conveniently named
as substructure-superstructure model) allows a
two-step design and easy optimisation of the different
components. This model can be economic in the
conceptual design phase or tender design stage
as shown by Arany et al. [2]. Expressions of KL, KR
and KLR for different pile geometry (rigid or ﬂexible)
and ground proﬁle can be obtained from the litera-
ture [10–13]. Tables 2 and 3 show the equations
from [11]. The deﬁnitions of the terms are given
in the footnote of the tables. Few points may be
noted:
(a) For monopiles behaving rigidly, the stiffness terms
are function of aspect ratio of the pile (L/DP) and the
soil stiffness (Eso)
(b) In contrast, for monopile behaving ﬂexibly, the
stiffness terms are function of relative pile–soil stiff-
ness (EP/ESo) and also on the soil stiffness. For further
discussion on these aspects, the readers are referred
to [11, 14, 15].
Fig. 9 Mechanical model of a wind turbine system showing the mass and stiffness distribution
Table 2 Formulas for stiffness of monopiles exhibiting rigid behaviour
Ground proﬁle KL KLR KR
homogeneous 3.2
L
DP
( )0.62
f(vs)ESODP −1.8
L
DP
( )1.56
f(vs)ESOD2P 1.65
L
DP
( )2.5
f(vs)ESOD3P
parabolic 2.65
L
DP
( )1.07
f(vs)ESODP −1.8 LDP
( )2
f(vs)ESOD2P 1.63
L
DP
( )3
f(vs)ESOD3P
linear 2.35
L
DP
( )1.53
f(vs)ESODP −1.8 LDP
( )2..5
f(vs)ESOD2P 1.58
L
DP
( )3.45
f(vs)ESOD3P
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A more robust model to analyse the foundation is
shown in Fig. 10 where the soil can be modelled as
continuum. This is very expensive computationally
and requires high-quality element test of the soil
data to deﬁne the constitutive model and an experi-
enced ﬁnite-element modeller. This can be used to
verify the ﬁnal design of the foundation and is imprac-
tical to use in the design optimisation stage.
Trends in dynamic design
of the foundation
A foundation provides ﬂexibility and damping to a
wind turbine system and this has been shown experi-
mentally by the authors in [16–22]. As the foundation
stiffness increases (i.e. KL, KR and KLR), the natural fre-
quency of the whole system ( f ) will move towards
ﬁxed base frequency ( fFB), i.e. assuming the bottom
of the tower is ﬁxed/encastre. Extensive studies
carried out by the authors in [8, 9] showed that
amongst the three stiffness terms (KL, KR and KLR),
rocking stiffness (KR) dominates the natural frequency
calculations for monopile supported OWT. Fig. 11
shows natural frequency of 12 operating wind
turbines following the work of Arany et al. [9]
where the normalised natural frequency ( f/fFB) is
plotted against the normalised rotational stiffness
hR = KRL/EI where EI and L are the average stiffness
and length of the tower. The study clearly shows
that the fundamental natural frequency is about
90–95% of the ﬁxed base frequency. Few points
may be noted:
(a) KR is the foundation stiffness deﬁned in Fig. 9 and it
is dependent on the soil stiffness. Following the curves
shown in Fig. 11, it may be observed that any change
in soil stiffness therefore will alter the natural fre-
quency of the whole system affecting dynamic behav-
iour as well as fatigue.
(b) This behaviour is non-linear and for soft–stiff
design, increase or decrease in natural frequency can
impinge in forcing frequencies (see Fig. 6).
(c) The above discussion shows the importance of
understanding the change in soil stiffness over time.
SSI and long-term performance
of wind turbines
Research carried out by the authors in [21–23] showed
that SSI is important to predict the long-term perform-
ance of this relatively new type of structure. SSI can be
cyclic as well as dynamic and will affect the following
three main long-term design issues:
(a) Whether or not the foundation will tilt progressively
under the combined action of millions of cycles of
loads arising from the wind, wave and 1P (rotor fre-
quency) and 2P/3P (blade passing frequency). Fig. 5b
shows a simpliﬁed estimation of the midline bending
moment acting on a monopile type foundation and
it is clear that the cyclic load is asymmetric which
depends on the site condition, i.e. relative wind
and wave component. It must be mentioned that
if the foundation tilts more than the allowable,
it may be considered failed based on SLS criteria and
may also lose the warranty from the turbine
manufacturer.
(b) It is well known from the literature that repeated
cyclic or dynamic loads on a soil causes change in
the properties which in turn can alter the stiffness of
foundation (see [16, 19]). A wind turbine structure
derives its stiffness from the support stiffness (i.e. the
foundation) and any change in natural frequency
may lead to the shift from the design/target value
and as a result the system may get closer to the
forcing frequencies. This issue is particularly problem-
atic for soft–stiff design (i.e. the natural or resonant
frequency of the whole system is placed between
upper bound of 1P and the lower bound of 3P) as
any increase or decrease in natural frequency will
impinge on the forcing frequencies and may lead to
unplanned resonance. This may lead to loss of years
of service, which is to be avoided.
Table 3 Formulas for stiffness of monopiles exhibiting ﬂexible behaviour
Ground proﬁle KL KLR KR
homogeneous 1.45
EP
ESO
( )0.186
f(vs)ESODP −0.3
EP
ESO
( )0.5
f(vs)ESOD2P 0.19
EP
ESO
( )0.73
f(vs)ESOD3P
parabolic 1.015
EP
ESO
( )0.27
f(vs)ESODP −0.29 EPESO
( )0.52
f(vs)ESOD2P 0.18
EP
ESO
( )0.76
f(vs)ESOD3P
linear 0.79
EP
ESO
( )0.34
f(vs)ESODP −0.27 EPESO
( )0.567
f(vs)ESOD2P 0.17
EP
ESO
( )0.78
f(vs)ESOD3P
f(vs) = 1+ 0.6 ys − 0.25| |. DP is the pile diameter; L is the pile length; EP is the equivalent modulus of the pile, ESO is the Young’s modulus of
ground at 1 diameter below the ground; vs is the Poisson’s ratio.
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(c) Predicting the long-term behaviour of the turbine
taking into consideration wind and wave misalign-
ment aspects. Wind and wave loads may act in differ-
ent directions. While the blowing wind creates the
ocean waves and ideally they should act collinearly.
However, due to operational requirements (i.e. to
obtain steady power), the rotor often needs to
feather away from the predominant direction (yaw
action) which creates wind–wave misalignment.
It is therefore essential to understand the mechan-
isms that may cause the change in dynamic
characteristics of the structure and if it can be pre-
dicted through analysis. An effective and economic
way to study the behaviour (i.e. understanding the
physics behind the real problem) is by conducting
carefully and thoughtfully designed scaled model
tests in laboratory conditions simulating (as far as real-
istically possible) the application of millions of cyclic
lateral loading by preserving the similitude relations.
Considerable amount of research has been carried
out to understand various aspects of cyclic and
dynamic SSI (see [23–25]). The studies showed that
to assess the SSI, it is necessary not only to understand
Fig. 10 Modelling the whole problem considering SSI
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the loading on OWTs but also the modes of vibration
of the overall system. The aspect of load transfer
to the foundation is discussed in the earlier section.
It can be easily envisaged that the modes of vibration
will dictate the interaction of the foundations with the
supporting soil. Furthermore, if the foundation–soil
interaction is understood, the long-term behaviour
of the foundation can be predicted through a
combination of high-quality cyclic element testing of
soil and numerical procedure to incorporate the differ-
ent interactions. The next section of this paper sum-
marises the modes of vibration of a wind turbine
system.
Classiﬁcation of OWTs based on modes
of vibration
The modes of vibration depend on the combination of
the foundation system (i.e. single foundation such as
mono caisson or monopile or a group of piles or a
seabed frame supported on multiple shallow founda-
tions) and the superstructure stiffness. The fundamen-
tal modes of vibration can be mainly two types:
(a) Sway-bending modes: This consists of ﬂexible
modes of the tower together with the top RNA mass
which is sway-bending mode of the tower.
Effectively in these cases, the foundation is very stiff
axially when compared with the tower and the
tower vibrates and the foundation provides stiffness
and damping.
(b) Rocking modes: This occurs when the foundation is
axially deformable (less stiff) and is typical of WTG sup-
ported on multiple shallow foundations. Rocking
modes can be also coupled with ﬂexible modes of
the tower.
Fig. 11 Ratio of fundamental natural frequency to the ﬁxed base frequency of installed wind turbines
Fig. 12 Modes of vibration for monopile supported wind turbines
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The next section describes the modes of vibration
through some examples. These aspects were investi-
gated by Bhattacharya et al. [21] through experimen-
tal testing where the modes of vibration were
obtained from snap back test.
Sway-bending modes of vibration: Essentially this
form is observed when the foundation is very rigid
compared with the superstructure. Wind turbines
supported on monopiles and Jackets supported on
piles will exhibit such kind of modes. Fig. 12 shows
a schematic diagram of modes of vibration for
monopile supported wind turbines and Fig. 13
shows schematic diagram of a jacket supported
wind turbine system. It is important to note that the
ﬁrst two modes are quite widely spaced – typical
ratio is about four to six times.
These analyses can be easily carried out using
standard software. Numerical simulation of a typical
3 MW monopile supported wind turbine system
is carried out (but not presented) and it was observed
that the natural frequency in ﬁrst mode and
second mode are 0.37 Hz and the third mode is
2.85 Hz. Similar observations were also noted for dif-
ferent types of jackets on piles (see e.g. Figs. 13
and 14).
The natural frequency of a monopile supported
wind turbine system can be estimated following
[8, 9]. This simpliﬁed methodology builds on the
simple cantilever beam formula to estimate the
natural frequency of the tower, and then applies
modifying coefﬁcients to take into account the
ﬂexibility of the foundation and the substructure.
Fig. 13 Schematic diagram of modes of vibration for jacket
structures supported on piles
Fig. 14 Twisted jacket – modes of vibration
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This is expressed as
f0 = CLCRCSfFB (2)
where CL and CR are the lateral and rotational founda-
tion ﬂexibility coefﬁcients, CS is the substructure ﬂexi-
bility coefﬁcient and fFB is the ﬁxed base (cantilever)
natural frequency of the tower.
Rocking modes of vibration: Rocking modes of
foundation is typical of wind turbines supported on
multiple shallow foundations (see e.g. Fig. 15, where
wind turbine structures are supported on multiple
bucket type foundations). This has been observed
through scaled model tests and reported in [20, 21].
The foundation may rock about different planes and
is dictated by the orientation of the principle axes,
i.e. highest difference of second moment of area.
Fig. 16 shows a simpliﬁed diagram showing the
modes of vibration where the tower modes can also
interact with the rocking modes, i.e. the tower may
or may not follow the rocking mode of the
foundation. Rocking modes of a foundation can be
complex as they interact with the ﬂexible modes of
the tower. Few cases are discussed below:
(a) Wind turbine supported on symmetric tetrapod
foundations: Examples are given in Figs. 17 and 18
and a simpliﬁed model for analysis is also shown.
Research shown by the authors in [20, 21] shows
that even for same foundations under each support,
there will be two closely spaced vibration frequencies.
This is due to different vertical stiffness of the founda-
tion associated with variability of the ground.
However, after many thousands of cycles of loading
and vibration, these closely spaced vibration frequen-
cies will converge to a single peak.
(b) Asymmetric tripod foundation: Example is provided
in Fig. 19 inspired by the concept shown in Fig. 4a.
Study reported in [21] showed that there will two
modes of vibration with closely spaced frequencies
but with millions of cycles of loading, these two
closely spaced peaks will not converge. This is
because the foundation has two different stiffness in
two orthogonal planes.
Fig. 15 Different conﬁguration of foundation
(a) Jacket structure supported on four suction bucket (symmetric),
(b) Seabed frame supported on three suction buckets (asymmetric,
see Fig. 4a), (c) Tetrapod frame supported on four suction buckets
Fig. 16 Rocking modes of vibration
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(c) Symmetric tripod foundation: In a bid to under-
stand the modes of vibration for a symmetric tripod,
tests were carried out on a triangular foundation
shown in Figs. 20 and 21. Free vibration tests were
carried out and a typical result is shown in Fig. 22.
The mode is like a ‘beating phenomenon’ well
known in physics which is possible for two very
closed spaced vibration frequencies with low
damping.
Taking into consideration Fig. 6 where the design of
ﬁrst natural frequency of the whole system is to be tar-
geted between 1P and 3P, it is important not to have
two closely spaced modes of vibration. In practical
terms, it is therefore recommended to avoid an asym-
metric system. The above study also shows that
Fig. 18 Rocking modes about diagonal plane
Fig. 19 Modes of vibration for symmetric tripod
Fig. 20 Symmetric foundation
Fig. 17 Rocking modes for a symmetric tetrapod about X–X′ and
Y–Y′ plane
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a symmetric tetrapod is better than symmetric tripod
due to higher damping. It may be noted that
beating phenomenon is typical of low damping and
two closely spaced modes. Gravity based foundation
will also exhibit rocking modes of vibration and it
may also interact with tower ﬂexible modes. Fig. 23
shows a schematic diagram of observed modes of
vibration from a small-scale model test.
Discussion and conclusions
SSI can be classiﬁed based on the following:
(a) Based on load transfer mechanism: Monopiles will
load the soil very differently than jackets. For a mono-
pile, the main interaction is lateral pile–soil interaction
due to the overturning moment and the lateral load.
On the other hand, for a jacket, the main interaction
is the axial load transfer. Therefore, the SSI depends
on the choice of foundation and essentially how the
soil surrounding the pile is loaded.
(b) Modes of vibration: The modes of vibrations are
dependent on the types of foundations, i.e. whether
the foundation is a single shallow or a summation of
few shallow foundations or a deep foundation.
Essentially, if the foundation is very stiff, we expect
sway bending modes, i.e. ﬂexible modes of the
Fig. 22 Free vibration acceleration response
Fig. 23 Modes of vibration for a small circular gravity based foundation
Fig. 21 Planes of vibration
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tower. On the other hand, WTG supported on shallow
foundation will exhibit rocking modes as the funda-
mental modes. This will be low frequency and it is
expected that there will be two closely spaced
modes coinciding with the principle axes. Two
closely spaced modes can create additional design
issues: such as beating phenomenon which can have
an impact in fatigue limit state.
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1 On the Use of Scaled Model Tests
2 for Analysis and Design of Offshore
3 Wind Turbines
4 Subhamoy Bhattacharya, Georgios Nikitas and Saleh Jalbi
5 Abstract Large-scale offshore wind farms have emerged as a critical renewable
6 energy technology to reduce greenhouse gas (GHG) emission and autonomy in
7 energy production. Each of these wind farms consists of many wind turbine gen-
8 erators (WTG) mounted on a support structure and is capable of generating up to (as
9 we write the paper) 1.2 GW of power. These are relatively new technological
10 advancements which are installed in harsh offshore environments. Naturally, the
11 design of foundations for such structures is challenging. Furthermore, WTG support
12 structures due to its shape and form (heavy rotating mass at the top of a slender
13 tower) are dynamically sensitive in the sense that the natural frequency of such
14 system is very close to the forcing frequencies acting on them. The aims of this
15 keynote lecture are as follows: (a) summarise the loads acting on the structure
16 together with its associated complexity; (b) discuss the challenges in designing such
17 foundations; (c) describe the rationale behind scaled models tests that supported the
18 development of offshore wind turbine design philosophy; (d) draw parallel with
19 other geotechnical scaled model tests and discuss the scaling issues; (e) propose a
20 method to scale the model tests for predicting prototype consequences. While there
21 is no track record of long-term performances of these new structures, design and
22 construction of these must be carried out for 25–30 years and it is argued that scaled
23 model tests are necessary. Finally, the lecture concludes that well thought out scaled
24 models tests can be effective in predicting the long-term issues and engineers need
25 to learn from other disciplines.
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29 1 Introduction
30 Offshore wind farm is a recent innovation and holds promise in tackling global
31 challenges of combating climate change and clean air. These new technologies are
32 scalable with each of these modern wind farms capable of generating over 1.2 GW
33 of power. Figure 1 shows the installed wind farm in Europe together with the
34 generating capacity of the countries as of 2016. Recently, Denmark produced 120%
35 of the country’s power requirements through wind and the excess 20% power were
36 exported to the neighbouring countries. China, though started very late compared to
37 Europe, made remarkable progress, and the ambition is to generate 30 GW of
38 power by 2020 from offshore wind, for further details, see Bhattacharya et al.
39 (2017). In this context, it is important to highlight the advantages of offshore wind
40 farms given the consensus reached on climate change agreement by the nations of
41 the world at the twenty-ﬁrst meeting of the Conferences of the Parties (COP 21).
42 The advantages of offshore wind are highlighted through an example from the UK.
43 Further details can be found in Bhattacharya (2017) and Bhattacharya et al. (2017).
Fig. 1 Wind farms in Europe
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44 In a recent policy and legislation discussion, there is a commitment to com-
45 pletely take off petrol and diesel vehicles from UK road by 2040 and to be replaced
46 by electric vehicles. Therefore, there will be an additional 30 GB electricity
47 requirement, and two options are considered here: ten large sized nuclear power
48 plant (NPP) costing circa 25 Billion USD each and taking approximately 20 years
49 to construct one of them. On the other hand, 30 GB electricity can be produced
50 using 5000 offshore turbines and typical cost of each turbine is about 2–3 million
51 USD. Furthermore, it takes about 6–9 months to construct a wind farm. Figure 2
52 shows a photograph of a wind farm where an array of wind turbines can be
53 observed. A typical wind farm consists of inter-array electric cable joining the
54 turbines which in turn is connected to an offshore substation. A further export cable
55 transmits the power from offshore station to the onshore grid, see Fig. 3 for a
56 schematic view and layout of an offshore wind farm.
57 Before the details of engineering of these systems are discussed, it is considered
58 useful to discuss the sustainability of wind resources as it is often claimed that wind
59 does not blow all the time.
Fig. 2 Photograph of a wind farm
Fig. 3 Overview of wind farm
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60 Wind, essentially an atmospheric air in motion, is a secondary source of energy
61 and is dependent on the sun. The electromagnetic radiation of the sun unevenly
62 heats the surface of the earth and creates a temperature gradient in the air, thereby
63 also developing a density and pressure difference. The disparity in differential
64 heating of the surface of the earth is also a result of speciﬁc heat and absorption
65 capacity of the materials such as sand, clay, intermediate and mixed soils, rocks,
66 water. This also results in differential heating of air in different regions and also at
67 different rates. The physical process or mechanism that governs the air flow is
68 convection. Common examples are land and sea breezes in coastal regions. The
69 direction and velocity of wind is partly influenced by the rotation of the earth,
70 topography of the earth surface, and thus, coastal areas are attractive locations for
71 harvesting wind power. This above discussion shows the sustainability of the wind
72 resource as it is related to the sun and earth’s motion.
73 Figure 4 shows the development of wind turbines from 3 to 8 MW, and it may
74 be observed that with the rated capacity, the height of the tower increases and the
75 top mass also increases. Research and design are underway to develop 20 MW
76 turbine. In a recent development, floating wind turbine has been installed in
77 Scotland and Fig. 5 shows the schematic view of the system.
78 Foundations constitute the most important design consideration and often
79 determine the ﬁnancial viability of a project. Typically, foundations cost 25–34% of
80 the whole project, and there are attempts to get the costs down. Many aspects must
81 be considered while choosing and designing the foundation for a particular site.
82 They include: ease to install under most weather conditions, varying seabed con-
83 ditions, aspects of installation including vessels and equipment required and local
84 regulations concerning the environment (noise). Figure 6 shows the various types
85 of foundations commonly used today for different depths of water. Monopile
86 (Fig. 6c), gravity-based foundations (Fig. 6b) and suction caissons (Fig. 6a) are
87 currently being used or considered for water depths of about 30 m. For water depth
88 between 30 and 60 m, jackets or seabed frame structures supported on piles or
89 caissons are either used or planned. Floating system is being considered for deeper
90 waters, typically more than 60 m. However, selection of foundations depends on
91 seabed, site conditions, turbine and loading characteristics and the economics and
Fig. 4 Gradual development of offshore wind turbines
4 S. Bhattacharya et al.
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92 not always on the water depth. Monopile is a large diameter column inserted deep
93 into the ground and is the most used foundation so far in the offshore wind industry.
94 While the structure looks very simple, it is more complex than one can imagine
95 and the primary reason is due to a heavy rotating mass acting the top of a slender
96 tower. Based on Fig. 4, for 8 MW turbine, there is 550 tonnes of mass and out of
97 which circa 90 tonnes is rotating. Figure 7 shows a mechanical model of a wind
98 turbine system supported on monopile together with nomenclature of different
99 components. In the model, the foundation is replaced by a set of four springs:
100 Vertical spring (KV having the units of MN/m), lateral (KL having the units of
101 MN/m), rotational/rocking (KR having the units GNm/rad) and cross-coupling
102 (KLR having the units of GN). It may be noted that the torsional spring is not
Fig. 5 Details of Hywind floating offshore wind turbine
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103 included as the effect of torsional loads is minimal due to the yaw bearing at the top
104 of the tower which supports the rotor-nacelle assembly (RNA). Different loads
105 acting on the turbine can be visualized in Fig. 8. The loading on an offshore wind
106 turbine is quite complex and is described in the next section. However, detailed
107 discussion on loading together with the method to calculate them can be found in
108 Arany et al. (2015a, b, 2017).
Fig. 6 Different foundations to support offshore wind turbines based on water depths
Fig. 7 Offshore wind turbine system with structural model, see Arany et al. (2015a, b)
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109 2 Complexity of Loading
110 Offshore wind turbines are characterized by a unique set of cyclic and dynamic
111 loading conditions and are schematically depicted in Fig. 8. These include: (i) load
112 produced by the turbulence of the wind, whose amplitude is function of the wind
113 speed; (ii) load caused by waves crashing against the substructure, whose magni-
114 tude depends on the height and period of waves; (iii) load caused by mass and
115 aerodynamic imbalances of the rotor, whose forcing frequency equals the rotational
116 frequency of the rotor (referred to as 1P loading in the literature); (iv) loads in the
117 tower due to the vibrations caused by blade shadowing effect (referred to as 3P
118 loading in the literature), which occurs as each blade passes through the shadow of
119 the tower.
120 The loads imposed by wind and wave are random in both space (spatial) and
121 time (temporal); as a result, these are better described statistically by using the
122 Pierson–Moskowitz wave spectrum and Kaimal wind spectrum, shown in Fig. 9.
123 1P and 3P will be a range of frequency depending on the turbine type and the
124 operating range. Figure 9 shows the range of frequencies for NREL 5 MW turbine.
125 It is clear from the frequency content of the applied loads that the designer in order
126 to avoid the resonance of the OWT has to select a design frequency that lies outside
127 the ranges of forcing frequencies. Speciﬁcally, the Det Norske Veritas (DNV) code
Fig. 8 Typical loads acting on an offshore wind turbine
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128 recommends that in order avoid resonance, the natural global frequency of the wind
129 turbine should be at least ±10% away from the main forcing frequencies, i.e. wind,
130 wave, 1P and 3P. Three design approaches are possible: soft-soft (natural
131 frequency < 1P), soft-stiff (natural frequency between 1P and 3P) and stiff-stiff
132 (natural frequency > 3P). Current design approach is soft-stiff, and the target natural
133 frequency of the whole wind turbine system is between 1P and 3P. It is therefore
134 clear that the natural frequency of the whole system is very close to forcing fre-
135 quencies making it dynamically sensitive.
136 Based on the above discussion on the loading of an offshore wind turbine
137 structure and the natural frequency of the whole system, it is clear that the following
138 interactions are possible:
139 1. Aerodynamic interaction due to the wind passing through the blades. It may be
140 noted that the loads at the hub are ultimately transferred to the foundations.
141 2. Hydrodynamic interaction due to the waves slamming the substructure.
142 3. Due to the controlling action of the wind turbine, i.e. yaw and pitching action,
143 the wave and wind load may act in different directions. For a fully developed
144 sea, the wave will act in the direction of the wind. However, in order to maintain
145 a constant power, there will be controlling action of the turbine and the turbine
146 may not face the wind directly causing a wind–wave misalignment.
147 4. Cyclic as well as dynamic soil-structure interaction due to the cyclic loads acting
148 on the foundation.
Fig. 9 Qualitative power spectrum of main forcing frequencies and different design approaches
considering a NREL 5 MW wind turbine
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149 3 Issues in Geotechnical Analysis and Design
150 Offshore wind turbines are a relatively new innovation with no track record of
151 long-term performance. It is required to design these structures for 25–30 years, and
152 it is being expected to produce power for the entire design life. However, there are
153 uncertainties related to long-term performances which can be described as known-
154 unknowns, and there may be unknown-unknowns. Some of these aspects are
155 described below.
156 Soil-structure interaction (SSI) can be cyclic as well as dynamic and will affect
157 the following. The three main uncertainties in terms of long-term design issues can
158 be summarized as follows:
159 1. The load acting on a wind turbine foundation is not symmetric two-way cyclic
160 but biased one-way cyclic, and as a result, there is the chance of progressive
161 tilting. The real question is whether the foundation will tilt progressively under
162 the combined action of millions of cycles of loads arising from the environment
163 (wind, wave) as well as on-board machineries (rotor frequency-1P and blade
164 passing frequency-2P/3P). Figure 10 shows a simpliﬁed estimation of the
165 midline bending moment acting on a monopile type foundation following
166 Bhattacharya et al. (2017). It is clear that the cyclic load is asymmetric which
167 depends on the site condition, i.e. relative wind and wave component. If the
168 foundation tilts more than the allowable set by the turbine manufacturer, it may
169 be considered failed based on Serviceability Limit State (SLS) criteria. This may
170 also make the warranty of the turbine null and void.
171 2. Repeated cyclic or dynamic loads on a soil cause alteration in the properties
172 which in turn can alter the stiffness of foundation. A change in support stiffness
173 (i.e. the foundation and Fig. 7 is referred in this regard) may cause a change in
Fig. 10 Simpliﬁed bending moment proﬁle at the mudline level for a monopile-supported wind
turbine
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174 natural frequency, which can lead to a shift from the design/target value. As a
175 result, the system may get closer to the forcing frequencies. This issue is par-
176 ticularly problematic for soft-stiff design (i.e. the natural or resonant frequency
177 of the whole system is placed between upper bound of 1P and the lower bound
178 of 3P) as any increase or decrease in natural frequency will impinge on the
179 forcing frequencies and may lead to unplanned resonance. This may lead to loss
180 of years of service, which is to be avoided.
181 3. Wind and wave loads may act in different directions, and one of the uncer-
182 tainties is predicting the long-term behaviour of the turbine taking this
183 misalignment into consideration. While the blowing wind creates the ocean
184 waves and ideally they should act collinearly. However, due to operational
185 requirements (i.e. to obtain steady power), the rotor often needs to feather away
186 from the predominant direction (yaw action) which creates wind–wave
187 misalignment.
188 3.1 Need for Scaled Model Testing
189 As mentioned before, these are new structures with no track record of long-term
190 performance. It is therefore important to predict the long-term issues so that
191 appropriate maintenance issues may be planned to reduce loss of revenue due to
192 downtime. For example, a crack in a blade can lead to misalignment in the whole
193 wind turbine leading to higher 1P load. Replacement of a blade or maintenance can
194 be expensive as it involves an offshore vessel and downtime of the turbine. Again,
195 the turbine structure may be exposed to extreme storm events when the loads will
196 be much higher than the operational loads. Following the storm event, the load
197 levels will be back to operational and it is necessary to predict if the deformation
198 during the storm levels to ensure trouble-free operation. Another aspect that makes
199 this problem unique is the multiple cyclic/dynamic loads acting on the foundation.
200 Each of the four main loads described in Fig. 8 has unique frequency, magnitude
201 and applies different number of cycles. Wind thrust and waves will apply larger
202 loads. As water depths increase, the wave load will increase. The wind thrust load
203 depends on the blade diameter. On the other hand, the 1P and 3P loads are orders of
204 magnitude lower but will apply a large number of cycles to the foundation.
205 It is therefore essential to understand the mechanisms that may cause the change
206 in dynamic characteristics of the structure or the scenarios under which there will
207 tilt and if it can be predicted through analysis. It is important to also learn from
208 other disciplines if similar problem exists. Section 1.5 takes an example from
209 aerospace engineering from a well-known problem known as “ground resonance”
210 which is quite similar to this problem in the sense that a heavy rotating mass acts on
211 the top of a beam.
212 An effective and economic way to study the behaviour (i.e. understand the
213 physics behind the real problem) of an engineering system is by carefully
AQ4
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214 conducting designed scaled model tests in laboratory conditions. These tests can be
215 repeated by changing the parameters, and different phenomenon can be identiﬁed.
216 For the problem in hand, the main objective is to simulate (as realistically as
217 possible) the application of millions of loading cycles by keeping constant the
218 similitude relations. One of the important conditions that must be preserved is the
219 dynamic sensitive nature of the structure.
220 Based on the discussion in the earlier section of the wind turbine structure and
221 the loading, it is clear that the behaviour of offshore wind turbine is Aero-Hydro-
222 Cyclic & Dynamic-Soil-Structure-Interaction. Arguably, this is one of the most
223 complex interaction problems. Ideally, aerodynamic problems are better modelled
224 in a wind tunnel and hydrodynamic problems are studied in wave tank. On the other
225 hand, cyclic and dynamic soil-structure interaction problems are best studied in a
226 geotechnical centrifuge. Therefore, one can argue the best way to model the
227 problem is place a wind tunnel and a wave tank onboard the geotechnical centrifuge
228 and it is currently impossible. It has been pointed out in the literature that parasitic
229 (unwanted) vibrations of a geotechnical centrifuge prevent modelling the cyclic and
230 dynamic foundation–soil interaction.
231 One of the ways to study these complex interactions is to use intelligence to
232 identify the important interactions that can solve the various known-unknowns. In
233 the course of the experimental investigation, it is hoped that some of the unknown-
234 unknowns may also be identiﬁed.
235 It is considered important to list the design challenges:
236 1. Prediction of foundation stiffness both for small amplitude and large amplitude
237 vibrations and deformations. The small amplitude vibration is required for
238 natural frequency estimate of the whole system. This needs to be compared with
239 target natural frequency. Furthermore, the natural frequency will need to be used
240 in conjunction with the forcing frequencies (mainly due to wave, 1P and 3P) for
241 calculating the dynamic loads.
242 2. The foundation stiffness at large amplitude vibration is needed for estimating the
243 deformation of the foundation under operational and storm loading.
244 3. Changes in foundation stiffness due to episodes of storm loading and wind–
245 wave misalignment.
246
247 The cost of foundations is typically 25–35% of the overall cost of an offshore
248 wind farm project. In order to reduce the levelized cost of energy (LCOE), new
249 cost-effective types foundations are being proposed. However, before any new type
250 of foundation can be used in a project, a thorough technology review is often carried
251 out to de-risk it. European Commission deﬁnes this through technology readiness
252 level (TRL) numbering starting from 1 to 9, see Table 1 for different stages of the
253 process. One of the early works that needs to be carried out is technology validation
254 in the laboratory environment (TRL-4). This stage means the veriﬁcation of the
255 long-term performance of the proposed foundation through testing. It must be
256 realized that it is very expensive and operationally challenging to validate in a
257 relevant environment, and therefore, laboratory-based evaluation has to be robust so
AQ6
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258 as to justify the next stages of investment. This is another motivation for scaled
259 model testing. For further details, see Nikitas et al. (2016).
260 3.2 What Can Be Learnt from Other Similar Problems
261 Figure 11 shows two models: (a) a model of a helicopter as it lands on a surface;
262 (b) wind turbine structure together with the support system. Figure 12 shows an
263 experiment whereby the helicopter collapsed due to resonance type failure.
264 Depending on the rotational speed of the blades, the helicopter can be set to
265 resonance leading to failure. As a wind turbine system is quite similar, one can
266 conclude that a wind turbine system can resonate if the RPM of the rotor matches
267 with the natural frequency of the whole system. Therefore, the essential calculations
268 are as follows: predicting the natural frequency of the whole system and that
Table 1 Deﬁnition of TRL TRL level as European Commission
TRL-1: Basic principles veriﬁed
TRL-2: Technology concept formulated
TRL-3: Experimental proof of concept
TRL-4: Technology validated in lab
TRL-5: Technology validated in relevant environment
TRL-6: Technology demonstrated in relevant environment
TRL-7: System prototype demonstration in operational
environment
TRL- 8: System complete and qualiﬁed
TRL-9: Actual system proven in operational environment
Fig. 11 Comparison of resonance phenomenon in a helicopter with OWT
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269 calculations need stiffness of the foundation at its core. Following Fig. 9, it is clear
270 that for soft-stiff system, the natural frequency of the whole system will be very
271 close to 1P and 3P requires. It is therefore essential to predict the damping of the
272 whole system, and higher damping is necessary. There are many sources of
273 damping in a real wind turbine system, and they are as follows: soil (hysteresis and
274 radiation), material of the tower, connections details, aerodynamic, hydrodynamic
275 and external dampers (if any).
276 In this context, the importance of scaled model tests can be highlighted. Through
277 a series of tests, the damping of various materials can be studied. For example,
278 same scaled model can be used to carry out tests in different types of soils such as
279 clays (low, medium and high plasticity), sand (loose, medium and dense sand),
280 intermediate soils (for example, silty sand, sandy silt) to study the effect of
281 damping.
282 4 Scaled Model Tests
283 Offshore wind turbines are relatively new structures without any track record of
284 long-term performance. Therefore, the uncertainties of their long-term response
285 pose additional challenges to developers and designers of offshore wind farms. In
Fig. 12 Ground resonance due to a helicopter
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286 fact, monitoring of a limited number of installed wind turbines has indicated a
287 gradual departure of the overall system dynamics from the design requirements,
288 which may lead to ampliﬁcation of the dynamic response of the turbines, leading to
289 larger tower deflections and/or rotations beyond the allowable limits tolerated by
290 manufacturer. The latter is often considered responsible for the damage observed in
291 gearboxes and other electrical rotating equipment. Before detailed discussion is
292 carried out on scaled tests, it is important to highlight the spirit of the scaled model
293 tests.
294 4.1 Spirit Behind the Scaled Model Tests
295 It is instructive to take a simple example to explain the spirit of the scaled model
296 tests. Suppose, if we are asked to predict the age of the earth based on a simple
297 model test, the ﬁrst objective is to understand the mechanisms/process behind the
298 formation. In this context, it is important to highlight the principles used by Kelvin
299 (1862) to carry out the calculations: It was assumed that earth was formed from a
300 completely molten object, and the age was determined by the amount of time it
301 would take for the near surface to cool to its present temperature. The governing
302 mechanism here is the heat flow from inside to outside.
303 A simple analogy is the boiling of an egg where the heat flows from outside to
304 inside. Taking inspiration from a similar geotechnical problem of pile driving in
305 clay (i.e. radial consolidation) and making bold simpliﬁcations, the governing
306 non-dimensional group is as follows: ChtD2 where Ch is coefﬁcient of consolidation,
307 t is the time, and D is pile diameter. If it is assumed similar fluid in egg and earth,
308
one can get the following similarity: tearthD2earth
 teggD2egg (Fig. 13).
309 If we use the values of earth diameter and typical egg sizes and assume that it
310 takes 3 min to boil an egg, one can get the following as time to cool the earth.
311
tearth  tegg D
2
earth
D2egg
¼ 3min 6371 10
6 mm
25mm
 2
¼ 1:95 1017 min
313
314 The model tests predict about 371 billion years, whereas the actual is about
315 4.54 billion years. It may be noted that the shape of the egg is not same as the earth,
316 and we used the same fluid coefﬁcients for egg and earth. Another interesting fact is
317 that there was heat generation due to nuclear reaction within the earth and therefore
318 additional factors.
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319 4.2 Physical Modelling of Offshore Wind Turbines
320 Derivation of correct scaling laws constitutes the ﬁrst step in an experimental
321 campaign. The similitude relationships are essential for interpretation of the
322 experimental data and for scaling up the results for the prediction of the prototypes’
323 responses. As shown in Fig. 14, there are two approaches for deriving the scaling
324 law relationships. The ﬁrst is to use standard tables for scaling and multiply the
325 model observations by the scale factor to predict the prototype response. The
326 alternative is to study the underlying mechanics/physics of the problem based on
Fig. 13 Spirit of a model test: modelling age of the earth
Fig. 14 Reflective loop for physical modelling
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327 the model tests, recognizing that not all the interactions can be scaled accurately in a
328 particular test. Once the mechanics/physics of the problem are understood, the
329 prototype response can be predicted through analytical and/or numerical modelling
330 in which the physics/mechanics discovered will be implemented in a suitable way.
331 As shown by Bhattacharya et al. (2011, 2013a, b) and Lombardi et al. (2013), the
332 second method is well suited for investigating the dynamics of offshore wind
333 turbines, which involves complex dynamic wind–wave–foundation–structure
334 interaction, and no physical modelling technique can simultaneously represent all
335 the interactions at a single scale. As mentioned before, a wind tunnel combined with
336 a wave tank on a geotechnical centrifuge would serve the purpose, but this is
337 unfortunately not feasible. Special attention is required when interpreting the test
338 results.
339 The design and interpretation of test carried out on a small-scale model require
340 the assessment of a set of laws of similitude that relate the model to the prototype
341 structure. These can be derived from dimensional analysis from the assumptions
342 that every physical process can be expressed in terms of non-dimensional groups,
343 and the fundamental aspects of physics must be preserved in the design of model
344 tests. The necessary steps associated with designing such a model can be stated as
345 follows: (a) to deduce the relevant non-dimensional groups by thinking of the
346 mechanisms that govern the particular behaviour of interest both at model and
347 prototype scale; (b) to ensure that a set of crucial scaling laws are simultaneously
348 conserved between model and prototype through pertinent similitude relationships;
349 (c) to identify scaling laws which are approximately satisﬁed and those which are
350 violated and which therefore require special consideration.
351 As discussed earlier, offshore wind turbines are dynamically sensitive structures
352 because of the multiple frequencies that contribute to the complexity of the inter-
353 action of the foundation with the supporting soil. To study the dynamics and predict
354 the long-term performance of offshore wind turbines, the following phenomena
355 have to be considered and correctly replicated in the model tests, namely:
356 1. Vibration of the pile owing to the environmental loads will induce cyclic strains
357 in the soil in the vicinity of the pile. In order to study the changes in soil stiffness
358 owing to these cyclic strains, the developing soil strain around the ﬁeld must be
359 monitored. These soils are saturated, and therefore pore pressures are likely to
360 develop as a result of these cyclic strains. The pore pressure developed may
361 dissipate to the surrounding soil, depending on the frequency of the loading;
362 2. Changes in the soil stiffness owing to the cyclic loading may lead to changes in
363 foundation stiffness, which in turn will alter the natural frequency of the system.
364 Therefore, the relationship between the foundation characteristics and the
365 overall system dynamics, in other words, the soil-structure interaction, is
366 important for overall system performance;
367 3. Repeated cyclic stresses will be generated in the pile owing to cyclic loading.
368 Therefore, foundation fatigue is also a design issue.
369
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370 Based on the above discussion, the following physical mechanisms are con-
371 sidered for the derivation of the non-dimensional groups:
372 (i) Strain ﬁeld in the soil around a laterally loaded pile which will control the
373 degradation of soil stiffness;
374 (ii) Cyclic stress ratio in the soil in the shear zone;
375 (iii) Rate of soil loading which will influence the dissipation of pore water
376 pressure;
377 (iv) System dynamics, the relative spacing of the system frequency and the
378 loading frequency;
379 (v) Bending strain in the monopile foundation for considering the non-linearity
380 in the material of the pile;
381 (vi) Fatigue in the monopile foundation.
382 4.3 Example of Scaled Model Tests
383 This section of the paper takes some examples of scaled model tests of offshore
384 wind turbines. Further details of the tests together with procedure can be found in
385 Bhattacharya et al. (2013a, b) and Lombardi et al. (2013). Figure 15 shows some of
386 the test set-ups developed to study the problems. The main aim of the tests is to
387 identify scenarios when the wind turbine system can fail in various limit states:
388 Ultimate Limit State (ULS), Serviceability Limit State (SLS) and Fatigue Limit
389 State (FLS). Figure 16 shows observed collapse of monopile-supported wind
390 turbine in sandy soils together with the limit states that needed to be avoided.
Fig. 15 Examples of scaled model tests; a monopile-supported wind turbine with blades;
b asymmetric tripod-supported wind turbine where the RNA mass is simulated by a top mass;
c model of a floating turbine
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391 Further details of the design limit states can be found in Arany et al. (2017). Some
392 of the identiﬁed soil-structure interactions are as follows (Fig. 17):
393 (1) Typical results presented by Lombardi et al. (2013) highlighted that the
394 long-term behaviour of offshore wind turbines supported on monopiles is
395 strongly affected by the level of strain generated in the soil adjacent the
396 foundation, whereby larger strains result in higher variation in foundation
397 stiffness and natural frequency of the system. Evidently, the potential change in
398 vibration characteristics has to be appropriately taken into account in design
399 and prediction of the long-term performance of offshore wind turbines.
400 (2) Figure 18 shows a schematic representation of the change in natural frequency
401 with number of cycles. Generally, it has been observed that natural frequency
402 of monopile-supported wind turbine increased in sand due to the densiﬁcation
Fig. 16 Simulated collapse of monopile-supported offshore wind turbine and what to avoid?
Collapse of monopile-supported wind turbine in sand
Fig. 17 Collapse of monopile-supported wind turbine in kaolin clay. Due to high strain in the soil
next to the pile, the clay fluidized
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403 of the soil. On the other hand, natural frequency of wind turbines in clay
404 decreased and is dependent on strain level in the soil next to the pile.
405 (3) Figure 19 shows a schematic representation of the soil-structure interaction as
406 understood from the scaled model tests.
Fig. 18 Change in natural frequency of monopile-supported wind turbine in sands and clays, see
Bhattacharya et al. (2011)
Fig. 19 Breakdown of soil-structure interaction of offshore wind turbines into two types of
problems, see Nikitas et al. (2016, 2017)
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407 4.4 Multiple Support Supported Offshore Wind Turbines
408 Offshore wind farm projects are increasingly turning to alternative foundations
409 which include jacket and multipod foundations. The scaling relations required to
410 investigate such foundations need to take into account the geometric arrangement
411 (i.e. characterizing the asymmetry). The rules of similarity between the model and
412 prototype that need to be maintained are as follows: (a) the dimensions of the
413 small-scale model need to be selected in such a way that similar modes of vibration
414 will be excited in model and prototype. It is expected that rocking modes will
415 govern the multipod (tripod or tetrapod suction piles or caissons) foundation, and as
416 a result, relative spacing of individual pod foundations (b in Fig. 20) with respect to
417 the tower height (L in Fig. 20) needs to be maintained. This geometrical scaling is
418 also necessary to determine the point of application of the resultant force on the
419 model. The aspect ratio of the caisson (diameter to depth ratio) should also be
420 maintained to ensure the pore water flow is reproduced.
421 A series of tests were carried by Bhattacharya et al. (2013a, b) and Bhattacharya
422 (2014) to investigate the dynamics and long-term performance of small-scale off-
423 shore wind turbines models supported on multipod foundations. Figure 15b shows
424 the asymmetric model arrangement in a typical set-up. The results showed that the
425 multipod foundations (symmetric or asymmetric) exhibit two closely spaced natural
426 frequencies corresponding to the rocking modes of vibration in two principle axes.
427 Furthermore, the corresponding two spectral peaks change with repeated cycles of
428 loading, and they converge for symmetric tetrapods but not for asymmetric tripods.
429 From the fatigue design point of view, the two spectral peaks for multipod foun-
430 dations broaden the range of frequencies that can be excited by the broadband
431 nature of the environmental loading (wind and wave), thereby impacting the extent
Fig. 20 Schematic diagram
for multipod foundation wind
turbines
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432 of motions. Thus, the system lifespan (number of cycles to failure) may effectively
433 increase for symmetric foundations as the two peaks will tend to converge.
434 However, for asymmetric foundations, the system life may continue to be affected
435 adversely as the two peaks will not converge. In this sense, designers should prefer
436 symmetric foundations to asymmetric foundations
437 5 Conclusions
438 Small-scale experimental studies are conducted in order to examine complex
439 dynamic soil-structure interaction problems where there is no prior information.
440 Mechanics-based non-dimensional groups need to be derived in order to study the
441 various aspects of this problem, and their validity has been veriﬁed using physical
442 modelling. Under certain loading conditions, the natural frequency of the system
443 may change as a result of the effects of cyclic loading. These critical conditions
444 relate to the strain level in the soil and the relative position of the system frequency
445 in comparison to the forcing frequency. The long-term performance of offshore
446 wind turbines has been studied because there is a real concern regarding the effect
447 on performance of changes in the foundation stiffness.
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